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A N N O T A T I ~  

- In the book 'Bohr Cosmic Rays'r By L .  i: Dorman and L.  I. 
Miroshnichenko, voluminous experimental data on solar cosmic 
rays obtaiked during 1942-1967 with the* help of ground apparatus 
for continums recording of cosmic rays {neutron monitors, ioni- 
zation chambers , sc inti1 lation te tescope s) have been systematized 
and analyzed, Stratospheric &a and the datu gathered f*)om sa- 
tellite and rocket -borne instmrnenb haue also been investtgated 
in this book. 

Main attention has been focussed on the problems of gener- 
ation and propagation of solar cosmic rays. In particular, the 
questt'm regarding the form of representation of energy spectrum 
of solar particles (power and exponential jknction of rigidity) has 
b e m  examined in detail and the detrendence of diffision coefficient 
on energy of the particles and distancefrom the Sun has been 89- 
cussed. 

A separate chapter has been devoted to certain problems OJ 
physics of solar flares and generation of cosmic rays on the Sun. 
Among other things, the possibility of forecasting flares .emitting 
fluxes of energetic particles has been discussed. The problems 
of protection from solar jlare protons &ring flights of astronauts 
have been dealt with in a separate section. l@ 'CmclusionJ'so.rrce 
exlrerimental and theoretical problems relaled to further study of 
solar cosmic rays have been pointed out. 
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FOREWORD 

The investigations on the problems of physics of the 
Sun, solar and terrestrial  relationships and interplanetary 
space have achieved great importance during the past 10 -15 
years. 
solar wind, interplanetary magnetic field, etc. Direct measure- 
ments of plasma, particles and fields in the interplanetary space 
a r e  attaining a systematic nature. 
technology of terrestr ia l  recording of phenomena associated with 
the Sun a r e  being improved. 

It is sufficient to mention the discovery of radiation belts,  

Moreover, method and 

The dynamic nature of phenomena occurring in the inter- 
planetary medium is getting more and more theoretical and 
experimentally based nowadays. 
mentally based nowadays. 
in the interplanetary space is increasing because of its impact 
on wider problem of solar - terres trial relationships. ks is well 
- _  known, _ _  the Sun is a sourc_e of different types of electromagnetic 
and corpuscular radiations. 
propagates from the Sun i n  straight lines and has a n  qffect only 
on the ionosphere and upper layers of the Earth’s atmoqphere. 
Corpuscular radiation mainly consists of protons and electrons 
and, therefore, has a strong effect on theterrestr ia l  and inter- .  
planetary magnetic fields. 

The theoretical and exper i- 
The interest in the dynamic processes 

The electromagnetic -radiation 

.- 
Corpuscular radiation of the,Sun can be--class ified iGto 

two major divisions dependinq, - upon the energy ofthe__particles, 
The f i rs t  type includes the solar wind representing a conl”tinuoka2 
stream of protons (with equal amount of electrons for keeping 
the s t ream electrically neutral) in the energy range of the 
order of kev. The average velocity of quiet solar wind is 
approximately equal to 300 km/sec while after powerful chro- 
mospheric flares, it can go up to 2000 km/sec. 
of ten high-energy protons (second class  -. of corpuscular radiation) 

During f lares ,  



which a r e  usually 'known as solar cosmic rays due to their great 
resemblance with cosmic rays of galactic origin a r e  emitted. 
These protons can have an energy a t  the Earth's orbit of the 

This value is comparable to 
the density of 6nergy of quiet solar wind a n d  interplanetary 
magnetic field and is approximately 3 - 4  orders higher than the 
deniity of gala&ic cosk ic  rays. F r o m  the dynamic point of 
view, solar cosmic rays can be mostly considered as  individual, 
independently moving particles. But a t  large dimensions of the 
interplanetary space, they can be considered as a liquid or gas 
related to interplanetary magnetic fields just like the gas of 
galactic' cosmic rays in the inter stellar medium. 

. order of 10-9 - 1 0 ~ 8  e r g / ~ 1 3 - .  

._ 

This monograph deals with the mechanism of generation 
of particles of lo6 ,1010 ev energy on the Sun, their propagation 
through interplanetary space and the result of their interaction 
with the Earth 's  atmosphere. The scope and content of this 
monograph a r e  detailed in the table of contents. Although, at 
present, generation and propagation of solar cosmic rays is 
known only i n  general terms, many important problems remain 
unsolved even up to this time. H-e-nce, - .. th 
collect in the book the existing information 
to the maximum extent and also include the bibliography on 
related problems wherever necessary. However, the list of 

I_ references cannot be  considered L -  .. to be complete and, therefore, 
in case-of necessity, the readers -are  advised to refer to th& 
original articles o n  spec,ial problems. 

a r  cosmic rays 

Numerous experimental data, collected-on solar cosmic 
rays and its analysis on the'basis of the latest developments of 
cosmic electrodynamics and physics of plasma have offered much, 
valuable idormation about the processes on the Sun, in the inter- 
planetary space and the Earth's environment. 
mic rays became a very sensitive tool for studying many COS- 
mophysical phenomena. The present state of these problems 
enables us  to expect that further achievement a re  possible in 
this field i n  the near future. The imporaance of the study of 
solar cosmic rays is increasing every year owing to the necessity 
of safeguarding astronauts f rom solar radiations during their 
flights around the Earth,  to the Moon, the Mars  and other planets 

Thus, solar COS - 

' of the solar system. 

The authors take this -6pportunity to express their deep gra- 
titude to E. L. Feinberg and - S .  B. Pikelaer for  their interest 
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burg, S. I. Syrovatskii, M.A. Livshits, N.S. Kaminer, G.F. 
Krymskii, A.A. Korchak, T. N. Qarakhchyan, A. 2. Dolginov, 
1. N. Toptyg in and V. I. Shishov for valuable discussion on a 
number of problems, considerd in the book. 
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The study of solar cosmic rays has achieved great  
importance for solving a number af problems of astrophysics, 
solar physics and geophysics. 

ted 
The 

Solar cosmic rays a r e  particles .(mainly protons) accelera- 
5 on the - Sun and having -. an energyE 2, l o 4  - 10 ev/nucleon. 

se particles move & the interplanetary space independent 
of each other in contrast to the particles of solar wind and 
corpuscular beams with E A  104 - 105 ev/nucleon which consti- 
tute plasma and conform to the equations of magnetohydrodyna - 
mics.* Energy spectrum of solar coemic rays is very steep. 
Their composition is characterized by practically complete 
absence of light nuclei, The entire solar system can be the 
region of propagation of solar p r t i c l e s .  
ty of their energy at the Earth's orbit is  comparable to the in- 
tensity of the kinetic energy of plasma and the intensity of 
energy of interplanetary magnetic fields. 

Some cases, intensi- 

The study of solar cosmic rays is important, particu- 
k r l y ,  for evaluating ,the role of stars in general, generation 
of cosmic radiation and also mainl'y, for the investigation of the 
mechanisms of acceleration of particles under cosmic conditions. 
(viz., intensity of the flux of accelerated particles, their energy 
spectrum, composition of the nuclei, time variations, etc. ). 

Up till now, a vast amount of observational data has been 
accumulated on solar cosmic rays in different energy intervals 
with the help of different meas-ur ing equipments inclusive of 
satellite-bonne instruments a n d  cosmic rockets-. Detailed data 
on energy spectrum,- nuclear composition-and other characteris- 

probably, thew is a gradual transitfan from the speclvrom u,! jtlrrsrrra j w r l f -  
cles to the speclnm of higher-energy particles, i .  e .  , parlic1P.s a/ solav 
cosmic rays (see SPcfions 7, 8) .  

% The lowcv limit  of the energy of solar cosmic vays is l e i ~ i o t i r w .  M o s t  

V 



tics of solar cosmic rays were obtained as a resul t  of these 
measurements. 

Some of the earlier results of investigations on cosmic 
rays published before 1963 were systematized i n  L. 1. 
Dorman's book [l. 21 and were partially analyzed within 
the framework of the general problem of variations. How- 
ever, the increasing tempo of investigations and widening of the 
field of problems involved enable to consider the study of solar 
cosmic rays a s  an important independent problem. The entire 
complex of processes can be divided into the following four 
groups: (i) The mechanisms of injection, acceleration and exit 
of accelerated particles f rom the region of chromospheric flares;  
(ii) the mechanisms of propagation of solar cosmic rays in the 
interplanetary space (viz. diffusion of particles i n  irregular 
magnetic fields, capture in magnetic traps, drifting and convec- 
tive transfer); (iii) the processes relating to the passage of 
solar cosmic rays in the geomagnetic field (namely, formation 
of shock zones, effect  of latitude, probable capture 01 solar parti- 
cles in the circumterrestrial  magnetic trap, collective invasion 
in magnetosphere, interaction with the Earth's variable magnetic 
field); (iv) interaction of solar cosmic rays with the Earth's 
atmosphere (additional ionization of the lower ionosphere, 
nuclear cascade processes >in atmosphere). 

As mentioned earlier,  observation of solar cosmic r a y s  
is a sensitive tool-for studying the electromagnetic conditions 
and processes in the Sun's atmosphere, interplanetary space 
and in the Earth's environment. Very valuable information about 
the mechanisms of acceleration on the Sun, direction and intensi- 
ty of interplanetary magnetic fields, magnetic traps of solar 
particles and structure of the interplanetary medium in general, 
was obtained from the data on high-energy solar particles much 
before the advent of rocket and satellite-borne techniques. 
particular, the study of time variation of solar particles duming 
the great f lare of February 23, 1956 led to the assumption of 
the existence of irregularities in the interplanetary magnetic 
field and also made i t  possible to approximately estimate the in- 
tensity and geometry of this field. Later on, direct  measure- 
ments in the interplanetary space confirmed the results obtained 
f rom the flares. At present, it is beyond doubt that electroinag- 
netic field in interplanetary space is  one of the basic factors 
determining space and time distribution of solar cosmic rays 

-near the Earth's orbit. 

Zn 
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sdar .radiatioa o . In principle, the 
protective screens (shields) can be determined on the basis of &e 

by. taking.. into awoZllljtf 

order to ma 

a& Sectkon is devoted to' 

Geophysical effects of solar cosmic rays -- relation with 
radiation belts, effect on ionosphere and isotopic composition 
of a i r ,  possible interaction of solar particles with the Earth's 
magnetosphere and other effects I-- are  considered briefly in 

. Chapter IL 

Chapter III is devoted to evaluation of the latest experi- 
mental data on energy spectrum, nuclear composition and time 
variations in flux of solar cosmic rays on the basis of measure- 
ments on the Earth's surface, in stratosphere and cosmic 
space. The possibility of accumulation of low-energy solar 

v i i ,  

- 

I 
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particles in the solar system is considered. 
relation between solar f lares and luminescence of the Moon and 
the Mercury is described. 

The probable 

Propagation of solar cosmic rays in the interplanetary 
space is analyzed in Chapter IV. Movement of solar particles 
in quasiregular and irregular fields of interp1anetar.y space i s  
considered. 
are  aoalyeed in de tail and a kinetic model is described. 

Different aspects of the elementary diffusion model 

' Some of the problems concerning the physics of solar 
flares and generation of cosmic rays on the Sun a r e  considered 
in Chapter V. 
with considerable increases in the flux of cosmic r a y s  on the 
Earth-are  described and the possibilities of forecasting such 
events a r e  discussed. A close relation between emission of 
fast  particles and solar radio emission of type IV i s  pointed 
out. 
of solar flares, mechanisms of injection of particles, and the 
concepts of possible nuclear processes on the. Sun a re  considered, 
Jnformation on so1a.e electrons and neutrons is very much 
necessary for a proper understanding of these processes because 
the generation of these particles on the Sun and their propagation 
thraugh the interplanetary space have a number of peculiarities 
as compared to protons. The existing experimental data on fast  
solar electrons and the possibilities of detecting' solar neutrons 
a re  described in Chapter V. A special Section is devoted to 
the problems of safety of astronauts f rom protons during solar 
flares. 

Peculiarities of chromospheric f lares  associated 

Modern theoretical concepts of the mechanisms of prigin 
1 

i 

The important results have been summarized in the 
Chapter on concluding remarks and Some of the problems and 
aspects of the study of solar cosmic rays have also been outlined. 



I 
SMIC RAYS AS A SOURCE OF INFORMATION 

ON ELECTROMAGNETIC STATE O F  THE SOLAR 
SYSTEM 

1. TORICAL W 

I. I. F i r s t  four flares of cosmic rays. The study of solar 
cosmic rays has a history of about 25 years. The f i r s t  four 
flares of cosmic rays were recorded on February 28, 1942; 
March 7, 1942; July 25, 1946 and on November 19, 1949. The 
data obtained were not sufficiently complete since the flares 
were recorded by only a small number of stations equipped with 
:mstrumenb intended mainly for the measurement of the p- 
meson component. Even during these f i r s t  earlier observations 
attention. w a s  paid to the correlation between cosmic ray 
and Some other solar and geophysical phenomena. 

. example, during February 28, 1942 outburst, a chromospheric 
f la re  was  observed for  3 /2 hours on the Sun. Simultaneously 
with the above, there was short-wave radio blackout on the 
Earth and an extremely large geomagnetic s torm follawed after 
about 24 hours. The increase in the intensity of cosmic rays 
on March 7, 1942 was also,  most  probably, caused by the solar 
flare since this increase was also accompanied by a blackout of 
radio communication, 
visually. The cosmic ray outburst on July 25, 1946, was also 
caused by a bright chromospheric flare, and was later on 
followed by a geomagnetic storm. A chromospheric flare was 
also observed during November 19, 1949 outburst. 

F o r  

1 

The solar flare was not observed 

I n  spite of scantiness of the initial data, a t  least  on its 
basisp it w a s  possible to obtain preliminary information on the 
spectrum of solar particles, their motion in the interplanetary 
and terrestrial  magnetic fields and about the mechanisms of 
generation and emission of cosmic rays f rom solar atmosphere. 
Jn particular, it was established that the particles ejected during 
all the above four flares were charged and had a n  energy of 
gk & l o 9  ev. 

, 

The magnitude of the outburst was found to be 

1 
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considerably dependent on the coordinates of the observing 
station. 
(H .& 2 gauss) and of the field of galactic sleeve, in which lies 
the solar system ( H  & 2 x 10-6 gauss) were determined. 
differential spectrum of solar particles f rom November 19, 
1949, February 28  and March 7, 1942 flares has  been found to 
be of the form -4 - 6 -5 (it was not possible to determine 
the spectrum for July 15, 194b flare due to inadequate experi- 
mental data). 

determined for November 19, 1949 flare. These results a r e  
well i n  conformity with the statistical mechanism of accelera- 
tion suggested by Fermi,  The data on the f i r s t  four flares a re  
systematically described in the book by L. I. Dorman [ 13 e 

The upper limit of the Sun’s general magnetic field 

The 

The size of the emitting region ( > 10” cm) and 
the total number of accelerated particles ( -103 5 ) #  were 

1.2. February 23, 1956 ._- flare. The most powerful of all 
the cosmic ray flares observed u.p to this time took place on 
February 2 3 ,  1956, 
stations equipped with different instruments apd as  a rule, 
meant for recording various secondary components of cosmic 
rays [ I , z ] .  

It was recorded by a large number of 

Experimental observation have revealed that for this 
f lare during the initial stages, there was not only a strong ani- 
sotropy of incident radiation but also a relatively large difference 
( r*b* 10 minutes) in the beginning of the increase of intensity at 
different places on the Earthls surface. 
corresponds to the difference in the order of energy of different 
particles and cannot be due to differences in the sensitivity of 
instruments. According to Liist and Simpson [3]# the propaga- 
tion time of the particles in the geomagnetic field i s  of the order 
of 0.1 second. 
large difference in the delay to the propagation time of parti- 
cles from the Sun to the Earth* A similar effect was also 
observed during November 19, 1949 flare event. It is  worth 
mentioning that on February 23, 1956, the intensity of cosmic 
rays reached the maximum value (about 5 0 t imes the normal 
intensity of neutron component a t  sea level) in about 10 minutes 
after the commencement of the sudden outburst. After about 
an hour, the flux of solar particles started decreasing approxi- 
mately following the law - t-3/2 (time is  counted from the 
commencement of the outburst). 

The delay of 10 minutes 

Therefore, it is natural to relate the observed 



ELECTROMAGNETIC CONDITIONS IN SOLAR SYSTEM 

A number of models have been suggested by Meyer et al. 

They 141, L.I. Dorman [5] and Brown [6] to explain these facts. 
were all based on the assumption of the existence of disorderly 
magnetic fields in the interplanetary space in which diffusion of 

- particles takes place. 
one or  another form, 
models of propagation of solar cosmic rays. 

This basic assumption, p t  forward in 
is  an inseparable part  of all the modern 

Meyer et al. [4] suggested that around the Sun and the 
Earth, there is a spherical cavityof thickness 1.4 a.u. in 
which the intensity of the magnetic field H is of the order of 
H 4 10-6 gauss. This cavity is surrounded by a region of 
disorderly field (H N 10-5 gauss) of thickness 5 a.u. 
it, there is the orderly field of galactic sleeve with H - 10-5 
gauss. 
propagated directly towards the Earth. 
flected f rom the region of disorderlyfield, reaches the Earth 
in the form of a scattered beam with some time lag. 
transport range for scattering i n  the disorderly field is A&lO 
cm, the intensity of cosmic r a y s  will  decrease within the 
cavity according to  the law N V3/2 because of diffusion of 
particles f rom the cavity f ree  f rom magnetic field, into the 
interstellar space through the region of the disorderly field. h 
addition to  the model of Meyer e t  al. [4], Brown [6] suggested 
that the scattering of particles within the cavity due to turbulent 
magnetic fields frozen in the solar corpuscular beams should 
a lso  be considered. 

Beyond 

A part of the cosmic rays generated during flare is 
The other part, re- 

12 If the 

L. I. Dorman [1,5] assumed that the solar particles 
diffuse in whole of the space between the Sun and the Earth. 
In order to conform to experimental observations, it is neces- 
sary to assume the value of transport range a s  A ,L 1013 cm. 
It i s  important to mention that the intensity of solar particles 
on the Earth's surface should decrease not according to power 
law but according to an exponential law after they reach the 
edge of the scattering region and start entering the interstellar 
space freely (see Section 14.3). According to L. I. Dorman [ 5 ] ,  
effective radius of scattering region for the particles of 
February 23, 1956 flare is estimated to b e  ro >/. 5 a.u. 

1.3. Study of flares f rom the data of the world network 
of stations and stratospheric measurements. Investigations 

3 
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on solar cosmic rays got a new fillip owing to the creation of 
the world network of stations on the eve of the International 
Geophysical Year ( I G Y )  (1957-1958). 
ing even a t  present. 
to study different flares of cosmic rays in detail and to relate 
them to different geophysical and heliophysical phenomena. 

This network is function- 
Owing to this network, it became possible 

h the recent past, resear-? workers paid attention not 
only to the biggest f lare  on February 23 ,  1956 but also to cosrnic 
ray flares observed during July 1959, Mzzy and November 1960 
by the world network of stations. The small outbursts of cosmic 
rays of amplitude 1 % in the neutron component a r e  of great  
interest. 
much earlier than the beginning of the Jnternational Geophysical 
Year, a detailed statistical investigation became possible only 
after a vast amount of observational data was available through 
the world network of stations. 
important not only for  selecting the models of propagation of 
solar particles but also to find out whether fast particles a r e  
also generated during a l l  the chromospheric flares. 
problem has become very complicated and the results of diffe- 
rent authors do not agree. 

Although this effect was f i r s t  observed by F i ro r  [7] 

The study of small f lares is 

This 

During the year 1962-67, the world network of stations 
was reequipped with new instruments having large range of 
detectors and high statistical accuracy (up to 0. 1% on record- 
ing for 2 hours). 
neutron supermonitor described by Carmichael [8]. 

One of these sophisticated instruments is the 

Valuable information about cosmic r a y  flares has been 
obtained by measurements made in the regions of high latitudes 
and in stratosphere a t  high altitudes with the help of geophysical 
balloon- and rocket-borne equipment. 
staratosphere were investigated even before the beginning of the 
Jnternational Geophysical Year (for example, by Pomerantz 
[9], Neer and Anderson [lo]. In particular, Winckler's obser- 
vations [ 111, taken with the help of balloons after the lapse of a 
lot of time after the beginning of February 23,  195 6 flare,  made 
it possible to deterMine the spectrum of solar particles in the 
region of low rigidities. However, the most complete inforrma- 
tion was  obtained during subsequent years. 

Effects of f lares i n  the 

The existence of 
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magnetic traps f o r  particles in front of the solar corpuscular 
beams was established by Ney et  al. [12] and A.N. Charakhchl- 
yan e t  al. 1131 only as  a resul t  of measurements conducted in 
the stratosphere in May, 1959. Stratospheric measurements 
by Yates [14] during November 12-13, 1960 flare made it 
possible to record, for the f i r s t  time, relativistic solar a- 
particles with k a  560 Mev/nucleon. 

Commencing from the middle of 1957 (coinciding with the 
beginning of the hternational Geophysical Year) routine 
stratospheric measurements were made in the Soviet Union 
under the guidance of A.N. Charakhch'yan a t  Murmansk 
(geomagnetic latitude 64ON) and Moscow (5 1°N) and a t  Simeiz 
(4 1°N) f rom April 1958 onwards. 
were carried out by A.N. Charakhch'yan's group during 
1957-1966. 
corded in stratosphere during the period 1958 and beginning of 
1962 and out of them 23 flares were observed by A.N. 
Charakhch'yan's group in the Murmansk region [15]. 

More than 10,000 flights 

A total number of 26 cosmic ray f la res  were re- 

1.4. Various methods of detecting solar particles. It 
is well known that an  increase in the f lux  of ultraviolet radiation 
during chromospheric flares considerably increases the degree 
of ionization in ionosphere towards the sun-lit side of the Earth. 
It partially o r  even completely blacks out the radio communica- 
tions on short  waves. Another cause of the high-latitude ion- 
ization (polar cap ionization) in ionosphere was detected during 
the f la re  February 23 ,  1956. 
that the polar cap absorption of shor t  radio waves may also be 
caused due to the propagation of solar protons with 
Mev to the Earth. 
only into the polar regions of the Earth and give r i s e  to an  
increase in the absorption of cosmic radio noise and also of 
short  radio waves f rom ground stations. 
polar cap absorption ( P a )  has been studied by continuous 
recording of the intensity of cosmic radio noise a t  a frequency 
of 27.6 MHz by a special equipment called riometer. The 
riometer was f i r s t  built by Little and Leinbach 1161 and was 
later improved both in the USA and the Soviet Union and after- 
wards in many other countries. At present, continuous record- 
ings of cosmic noise a r e  undertaken a t  other fixed frequencies 

It has now been established [ Z ] ,  

& k = 10-100 
Particles having such high energy penetrate 

The phenomenon of 
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as well. Apart f rom riometric observations,valuable informa- 
tion on the lower end of the spectrum of solar particles i s  pro- 
vided by other ionospheric methods (Bailey [ 171) and also by the 
observation on diffusion aurora a t  polar caps (luminescence of 
excited gases of the Earth 's  atmosphere) and on a-rays pro- 
duced as a result of nuclear interactions between solar  particles 
in the atmosphere. 
the intensity of these radiations directly depends upon the 
spectral characteristics and total f l u x  of solar cosmic rays. 

Bailey [ 171 and Brown [ 181 have shown that 

The advent of cosmic rockets and artificial Earth 
satellites have opened vast  possibilities of direct  determination 
of f lux  of extremely low-energy solar particles in the inter- 
planetary space and offers a new tool for  studying solar cosmic 
rays. 

The f i r s t  cosmic-ray f lare  was observed by E.V. Gor- 
chakov and G.A. Bazilevskaya outside the Earth 's  atmosphere 
on July 7, 1958 with the help of the third Soviet Earth satellite 
[19]. A little later (September 12-13, 1959 during the flight of 
the second Soviet cosmic rocket, L.V. Kurnosova et  al. [ 2 0 ]  
recorded a short-lived intense outburst of cosmic rays which 
had the maximum increase for nuclei of charge Z 7 1 5 .  This 
w a s  interpreted as an indication that conditions favoiZable for  
generation (or exit from the limits of solar corona) of heavy 
nuclei are created during certain flares. A sim-ilar short-lived 
flare was recorded by L.V. Kurnosova e t  al. [22] during the 
flight of the third Soviet spaceship on December 1, 1960. 

The flare of September 28, 1961 is of exceptional 
interest. 
workers Bryant et al. [23] on "Explorer- 12" satellite in a wide 
energy range and for a long duration outside the Earth's mag- 
netosphere. 

This flare was recorded by American research 

Rocket and satellite observation provided much informa- 
tion about low-energy solar cosmic rays which were inaccessible 
to observations with the help of balloons. The data on nuclear 
composition a t  great height a r e  of g rea t  interest since they a r e  
not distorted by interactions in the residual atmosphere (which 
is inevitable in the case of observations by balloons). Very 
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valuable information about spectrum and composition of solar 
cosmic rays was obtained by Biswas et al. [Z4] as a result of 
emulsion measurements on rockets over Churchill during 
November 15, 1960 flare event. According to Biswas et  al.[24], 
Similar rigidity spectra are obtained for  protons, a-particles 
and nuclei of C,N,  0 and have the fo rm exp(-R/Ro) where the 
characteristic magnetic rigidity Ro for  all the nuclei lies within 
the limits of 85 -100 Mev. The nuclear composition of parti- 
cles thus obtained was found to be approximately the same as 
composition of solar atmosphere. 

Yoshida et al. [25] obtained interesting result on the 
increases i n  the intensity of solar protons with &> 18 
Mev and 
1961 with the help of "Explorer-7". 
corded during this period. It was shown that, in accordance ' 

with the theory of isotropic diffusion, the flux of protons after 
attaining a maximum value s ta r t s  decreasing according to the 
law - t-3/2. 
events of outbursts of the beam of solar particles by means of 

this satellite also recorded the above-mentioned f la re  event of 
September 28, 1961) and "Explorer- 14" (October 23, 1962). 
According to the observations made by Van Allen e t  al. [27] 
on "Mariuer-2", 13 small flares of cosmic rays were observed 
between August and December 1962. Most probably, these 
flares caused by solar protons having energies ek = 0.5 - 
10 MeV. 

& k > 3 0 Mev during- October 1959 and February 
In all, 23 f lares  were re- 

. 

Bryant et al, [26], also observed three more 
' 

I mExplorer-12" (September 10, 1961 and November 10, 1961; 

Recently, a new method of investigating cosmic rays- 
study of isotopes obtained by bombarding satellite body (or 
special samples of a substance) with cosmic rays -- was 
developed (for example, see the works of Waddington and 
Fre ie r  1281, La1 et al. [29]. 

vi 

The separation ofebeams of solar and galactic cosmic 
rays i s  based on the characteristic difference in their spectra. 
Solar particles have a steeper spectrum than those of the 
galactic particles, i. e. the beam of cosmic r a y s  from the 
sun is rich in law-energy particles. 
solar particles through the space is usually accompanied by 

Hence the passage of 
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ionization losses whereas in the case of galactic cosmic raysr  
there will be considerable increase in the number of nuclear- 
active particles. Meteoritic method is also based on similar 
considerations (for example, see the review of Geiss e t  al. 
[30]). Ln particular, the work of Yokoyama and Mabuchi [3 11 
describes the results of calculating the rate of formation of some 
radioactive nuclei having comparatively low half-life period in 
chondrites during nuclear reactions with solar cosmic rays. 
The role of different types of reactions in the formation of 
cosmogenic nuclei is  estimated. It is shown that l a rge  amounts 
of radioactive nuclei Go6', Ni59, Cr51, Ca41, C136 are  form- 
ed i n  chondrites as a result  of nuclear reactions with secondary 
neutrons. The relative role of reaction (n,  8) is 30% in the for-  
mation of C136, 50-70% for C060, Ni59, Cr51, a 4 1  and 100% 
for Ca45. The value of the intensity of the beam of slow neut- 
rons necessary for the formation of these isotopes is deter- 
mined. 

Measurements on radioactivity of AlZ6 in sediments of 
the Pacific Ocean, taken by La1 and Venkatavaradan 1321, 
showed that the radioactivity i s  much m o r e  than that could be 
expected as a resul t  of nuclear interactions of cosmic rays in 
the Earth's atmosphere. 
radioactivity observed is related to the fact that micrometeorites 
reaching the Earth contain AI26 which is produced as a resul t  
of bombardment of the substance of micrometeorites with power- 
ful particles in the interplanetary space. 
generated on the Sun during flares can be such particles. A 
stable beam of galactic cosmic rays cannot give r i s e  to this 
effect. In order to explain the observed radioactivity of A126, 
the average flux low-energy protons ( & k 7 10 MeV) in the 
interplanetary space a t  a distance of 2 a .u .  f rom the Sun must 
be 100 cmz sec-1 during the las t  lo5 years. 

It is postulated that the additiorial 

Low-energy protons, 

2. METHODS OF STUDYING SOLAR COSMIC RAYS 

Let us  consider some peculiarities in the methods of the 
study of solar cosmic rays. 

2.1. Detzrmination of spectrum in  different energy 
- ranges. Spectrum of solar particles in a wide range of energies 
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can be directly measured even beyond the limits of atmosphere 
and magnetosphere by equipment placed on board the sate 
having extremely long stretched-out orbit and on cosmic 
rockets. For  example, during September 28, 1961 solar flare 
the satellite-"Explorer-12" was situated at a distance of &suit 
_ . _ _  80,000 k m  -___ from the Earth's center on the-subsol 

' 

- .  

ossible to measure differential spectru 
k b  2 Mev (lower limit of §ens itivit 

for about two days after the chromospheric 

One of the methods of studying the spectrum of s 
particles (for example, see A. N. Charakhch 'yan's work 
is measurement of absorption of solar particles in upper 
layers of the atmosphere. The intensity of galactic cosmic rays 
in stratosphere is maximum a t  altitudes of 1 6 - 2 2  km. 
greater altitudes, their intensity is reduced considerably. How- 
ever, during flare events, solar cosmic rays do not have a 
maximum intensity in stratosphere a t  high altitudes: it increases 
gradually with altitude. Knowing the number of particles 
measured a t  different altitudes before and during f lares ,  it is 
possible to plot the so-cailed absorptian curve, i. e.,  the 
dependence of the number of solar particles recorded vs. the 
stratospheric pressure. 
primary radiation can be extrapolated from the above curve 
up to a pre-ssure of 5 g/cm2 - which corresponds to the range of 
protons having energy &k = 90 MeV. However, this method 
is applicable only to energies  up to a few hundred MeV. Infor- 
mation on solar particles having an energy less than a few 
tens of MeV, which cannot be observed directly with the help of 
balloons, can be obtained from the data on the ianosphere effects 
of these particles (see Chapter II). 

At 

Information on the intensity of 

' 

- - 

The spectrum of particles in the high-energy region can 
be determined from data obtained at ground. 
field during a solar flare and a few hours after it is practically 
undisturbed,normal values obtained by Quenby and Wenk 1331 
by taking into account the effect of penumbra can be  taken as 
the values of threshold rigidity. For  this purpose, it is also 
possible to make use of the results of calculations recently done 
by Shea e t  al. 1341 by considering the asymptotic cones of propa- 
gation of particles. 

Since geomagnetid 

Existence of entry zones should also be 
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taken into consideration. 
siderably improved by considering the isotropic nature of a 
flare. 

Determination of spectrum is con- 

Following is one of the methods of determining spectrum 
from ground data suggested by N.S. Kaminer [35J. 

If one defines the spectrum of solar particles in the 
form D ( p ) ~ p - x ( p  is the momentum of the particle) and taking 
into account the coefficients of proportionality, it  i s  possible 
to calculate the intensity Iy for every i-th observation point a t  
any value of y . +et us denote the ratio of the calculated 
value of intensity I$ to  the experimental value by ai( y ). In 
order to maintain the constancy of this ratio, let  u s  use the 
parameter 

I 

I-1 
where 

2 - 1  

In this case, the value of d a t  which A( 
be approximately equal to the actual value. 

) i s  minimum will 

The analysis of May 4, 1960 f lare  on the basis of the 
above method showed: (1) the index  d within the range R = 1-5 
Gv is approximately equal to 5 t 0.5 which is in conformity with 
the measurements on other fla&s; ( 2 )  y tends to decrease with 
time. 

Another method of determining the spectrum, suggested 
by L. I. Dorman and L. I, Miroshnichenko [36J is based on the 
application of the latitude effect. 
tiplicity factor of generation of the i-type secondary particles 
recorded a t  level h f rom some pr irriary particle (proton) of 
rigidity R, and D, (k) is the particle spectrum of particles from 
the Sun, then the intensity measured at a point with geomagnetic 
threshold Rmin wi l l  be equal to 

If .mi((, h) is the integral mul- 
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Differentiating (2. 1) with respect to  R, we get 

diyaR 
mi (R. h) . Dc (R) = - 

Replacing the symbols n a n d p  by parameters corresponding 
to neutron and rigidity components, on the basis of (2. 2), we 
get the ratio 

In order to determine the spectrum, it is necessary to 
find out the multiplicity factor of generation of secondary compo-, 
nents at different heights of observation. Fof a ge-nexal case 
when rigidities for  stations a t  sea level R 1  and R2 do not coincide, 
with the kigidities R3 and Rq for  mountainod statiops and if the 
spectrum of solar par'ticles has the form -R-Y , it is possible 
to use the formula (2.3). Then, Ln place of (2.3) we get 

(2.4) 

where ( A I / A R ) o  is the change in intensity at sea level on 
changing the rigidity by ( A R ) ,  = R l - R z ;  (AI /AR)h  is the same 
parameter at arl altitude h i n  the atmosphere while 
( b R ) h  = R3 - h4; R* = 1/2 (R1 -+ R 2 )  and R h  = 1/2 (R3 f R4) 
(stFict?y speaking,- inequality K; 7 & 7 R2 and R3 7 Rh > R4 
should be satisfied). Thus, in order to determine the spectrum, 
it i s  f i rs t  t;ecessary to find out the integral multiplicity factors '  
mn and InP a t  sea level. To this end, an expression sim-ilar to 
(2 .2)  as applicable to galactic cosmic r a y s  has  been used in 
[ 3 h ] .  

Recently, neutron monitor data on latitude effect was 
obtained by Rose et  al. [38] on "Atka" ship during 1955, i. e. , 
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during the period of minimum solar activity and was once again 
processed in the work of Baduell e t  al. 13-71 on the basis of the 
corrected values of threshold rigidity suggested by auenby and 
Wenk’ [3 3 ] . 

_. 

On the basis of the data obtained by Simpson e t  al. 1391, 
it i s  possible to find that effective a rea  of a standard neutron 
monitor i s  equal to 1.85~104 cmz. The spectrum of primary 
cosmic radiation in the region R 3 8 Gv changes with the cycle 
of solar activity to a comparatively 1es.ser extent [Z]. 
amplitude of 11 -year variations in the neutron component a t  
sea level is 4 30%. The above result enables us to assume 
that the flux of neutrons a t  sea level for stations with R m i n T  
8 Gv remains constant (within the limits 6 30%) during a solar 
cycle. 
units, le t  us, for example, make use of the data obtained a t  
Bueno Aires station (Rmin = 11.4 Gv). The average counting 
rate of neutrons a t  this station in September 1957 was  of the 
order of 18,600 pulsesIhour. Hence the flux of neutrons a t  
effective area of monitor - 1.83-x 10 crn2 is equal to 2 . 9  x 10 
cmz. sec”. Relating this value to the latitudinal curve [37], 
the absolute values of neutron flux for other stations a r e  obtain- 
ed (Table 2.1). - 

The 

In order to reduce the latitudinal curve 13-71 to absolute 

’ -4 -4 
3 

-_ 
TABLE 2 . 1  

L i s t  of stations used in [36] and their character is t ics  

Stations Height above Threshold Flux of neutron$ 
s e a  level ,  m rigidity, at minimum solar  

G~ 1331 activity , c m - 2. s e c - 2 
0 

Ottawa 0 1 .05  4 .  38x10-4 

Chicago 0 1 .91  4 . 3 2 ~ 1  0’4 

Wellington 0 3 .19  4 : 2 1 ~ 1 0 ‘ ~  

Bueno Aires  0 1 1 . 4  2 . 9 0 ~ 1 0 ’ ~  

Climax 3500 3. 08 4 .  1 5 ~ 1 0 ” ~  

Peak Sacramento 3000 5 . 1  3 . 8 5 ~ 1 0 ~ ~  

Mexico City 2200 1 0 . 0  3 .  O ~ X ~ O - ~  

H uanc ayo 3400 1 3 . 7  2 . 5  x 
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Fig. 2. 1 shows the effect of latitude on the flux of 
neutrons (Xl&) a t  sea level [37] in.absolute units and on 
correlation coefficient W. Estimates-[36] show that curve 1 i n  
Fig. 2.1 can be considered reliable .with a n  accwacy $ 30%. 

- - __ _ -  - - - 
I w. %/GJV - - 

R, Cv 
- ,  

Fig. 2 .1 .  Curve showing the effect of latitude (1) on flux of neutrons~~104)  
and correlation coefficients (2) [37]. 

The multipliGity factor for generation of neutrun compo- 
nent a t  sea level was calculated in [ 3 6 ]  on the basis of the diffe- 
rential spec h u m  of pr imar y cosmic radiation at minimum s o b r  
activity obtained by Elliot e t  al. [40]. 
shown + ,  _in 3bsolute units in Fig. 2.2 by taking M@hnald's 

This spectrum is 

- 
5 
J 

R, Gv 

Ftg. 2.2.  Differential spectrum of primary cosmic radiation depending upgn 
hn~dness near niiniinrum solrtr activity (1965) [40/. 

I. 3 



1 2 3 5 7 Q 15a7 
R, Gv 

Fig. 2.  3. Infegral multiplicity factor for generation oxneutron (1) a d  rigid 
(2) components of secondary cosmic mdiution I36J; 3 and 4 are 
similar curves taken from [&?I for comparison. 

I n  order to calculate rnp(R, O), the latitudinal curves obtain- 
ed fcr February 23, 1956, flare were used in [3b]. These 
curves were obtainedby Quenby and Wenk [33] f rom the data of 
23 stations on neutron and rigid components at sea level and 
pertain to 06OOUT (universal time) on February 23, 1956, i.e., 
the curves correspond to the period of isotropy. Transforming 
these curves into absolute units and using formula ( 2 . 3 ) ,  it is 
possible to calculate (R, 0 )  (curve 2). Multiplicity factors for  
generation of neutron (c-nve 3) and rigid (curve 4) components 
at sea lewd, obtained by Webber and Quenby [42] at rating Ni 
( > 15 Gv) = 100 o n  the basis of the earlier values of rigidities 
suggested by Quenby and Webber [43], a r e  also shown for 
comparison; i t  should be pointed out that the same primary 
spectrum obtained by Elliot et al. [40] at the reference value of 
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D m b  (15 Gv) = 100 is used in [42]. 
shown in Fig. 2 .  1 in the range R = 4 -1 1 Gv considerably differ 
from the values obtained by Webber and Quenby [42] and also 
by L. I. Dorrnan [ 13. A comparison of curves 1 and 2 with 
cukves 3 and 4 in Fig. 2 . 3  confirms this discrepancy which, 
however, is more related to the form of curves than to  the 
absolute values of mn and mp [36] and is almost completely 
caused by the standard used in [42]. 

Correlation coefficients 

It should be pointed out that the curves 1 and 2 were 
obtained directly f rom experimental data which included the total 
beam of primary cosmic rays without considering the nuclear 
compositions whereas curves 3 and 4 were calculated by 
Webber and Quenby [42] with the help of special algebraic 
transformations and only for primary free protons. 
case, multiplicity factors obtained directly f rom experimental 
data for  the total beam of primary cosmic rays were used in 
[42]. 
above-mentioned way. The algebraic transformation used in 
[42] is eimple'owing to the fact that rigidities for protons and 
Ruclei with Z 2 2 have an elementary relation. As a matter of 
fact, assuming that the bond energy of nucleons i n  a nucleus with 
Z > 1 is small at  energies of cosmic rays, it cati b~ shown that 
if the snergy of nucleons remains constant, rigidity of nuclei 
with Z >  2 is double the rigidity of protons. Therefore, multi- 
plicity factor for the generation of a neucleon i n  a nucleus of 
rigidity R can be considered equal to the corresponding value 
of multiplicity factor for a free proton of rigidity R/2. F r o m  
this follows an important relation [42] for nuclei with Z >, 2: 

In this 

The experimental data were, however, normalized in the 

where mp is the multiplicity factor of generation for a f ree  
proton and A, i s  the mass number. 

Obviously, the total multiplicity factor of generation by 
considering ( 2 . 5 )  w i l l  be the sum 
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where Kz is the relative abundance of nuclei with charge Z in 
each interval of rigidities with respect to the abundance of 
protons taken a s  unit. According to  Webber [44], the number of 
protons i n  the given range of rigidities is half than that of 
necleons brought to the Earth by all the particles of cosmicradia- 
tion. -. Therefore, - equation . _ _ _  (2. 6) can be rewri-n i n  the form - _ _  - - 

m (Rt h) = mp (Rt hit) -f- mp (R/% h). 
____ - 

After obtaining the m( R, h) curve directly f r  an experimental 
data, it is possible to calculate mp (R, h) as well as m, 3 2 
(R, h) for every nucleus with Z 3 2  on the basis of equations 
(2.5) and (2.7) with the help of the special algebraic transforma- 
tion 14 21. 

Since it is known from experiment that "p (R, h) is 
always an increasing, or  in any case, nondecreasing function 
of R, the condition mp (R/2, h) mp (R, h) should be satis- 
fied at every value of R. Taking it into consideration, we g e t  
an important result  f rom (2.7) : 

8 .  

i.e., the calculated values of m(R, h) can differ from mp 
(R, h) by not more than two times. 

It should however be pointed out that protons constitute 
half of a l l  the nucleons only in galactic cosmic rays. A large 
number of measurements show (see 121, Section 50.11) that, 
although nuclear composition of solar cosmic rays for Z 3 2 
remains practically constant and reflects the relative abundance 
of elements m the solar atmosphere, the ratio of the flux of 
protons t o  the total f lux of nuclei wifh Z 3 2 changes within 
wide limits, 
nuclei with Z p2 reflect the composition of the solar atmosphere 
while in other cases a surplus of protons. 
derive analytical expressions for multiplicity factor of genera- 
tion by considering the nuclear*composition of solar cosmic rays. 
Experimentally established results on the4imilarity of rigidity 
spectra of solar cosmic rays and nuclei with 2 
review of corresponding works in [21; Section 5 0.113 enable us 
to describe the spectrum' of all solar particles by one equation: 

In the case of some flares,  fluxes of protons and 

Hence, we can 

2 (see a 
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D, (R) = D, ( R )  + 
where D 
of nuclei with specific value of Z as compared to protons. 
Basing on the same assumptions which were made while deriving 
the formula ( 2 . 5 ) ,  we can write : 

(R) is the spectrum of protons and b; is the content 
P 

where a, = >1 AZbCZ is the number of nucleons i n  nuclei z 3 2 
32 

per solar proton (the  index"^" denotes that the corresponding 
values of m have been calculated f rom the data on the flux *of 
solar particles). In this case, obviously, it can be assumed 
as before that mp (R/2)  6 mp (R). 
5 ( R ,  h) cannot be related to each  other by a simple equation 
of the type (2.8) because the parameter ac can change considera- 
blytby more than one order)  in one and the same rigidity range 
for different f lares  ( [2]; Section 50. 11). 
cosmic rays ,  the following relation will be satisfied : 

However, mC( R, h) and 

In the case of solar 

On the basis of (2.10); it is possible to write 

mc (R;2k. h) = tnP (h!/21t. h) -+ a,mp (R12It+I. 
where k = 0, 1, 2 ,  3 , .  
alternating ser ies  

F rom this, for  mp(R, h), 

hh (2.12) 
w e  get a 

(2.13) 
f rom where for the particular case a, = 1 (i. e . ,  fo r  galactic 
cosmic rays)  we have 

(2.14) 

Calculations of the multiplicity factor of generation m ( R ,  h) 
from data on flares of solar cosmic rays,  i. e.,  calcufations 
made with the help of (2.13) on the basis of the values of mc 
(R ,  h) a r e  possible only if the relative nuclear composition of 
solar particles, i. e. , the value of a,, is known. However, 
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values of only mc (R,  h )  were determined in [36] since measure- 
ments on nuclear composition of solar particles were not 
taken during February 23, 1956 flare. 

It should be mentioned that the results [36, 421 were 
obtained on the basis of the values of R f o r  vertically fdl ing 
primary particles. On the other hand, i t  is known that detectors 
of secondary radiation, installed deep in the atmosphere, are 
sensitive to products of primary radiation included within the 
limits of certain solid angle (approximately within the limits 
of 4- 30’ with the vertical). 
cut-off rigidity used in the works[36, 421 can be considered as 
a sufficiently good approximation to  the effective value of R 
while recording data at the sea level and on mountains. 

Therefore, the dependence of 

On the basis of the calculated values of mn, differential 
spectrum of the beam of solar particles was obtained in  [ 3 6 ]  in 
absolute units at the atmospheric boundary (Fig. 2.4) for 0600, 
1000, and 2000 U T  on February 23, 1956 (the f l a r e  s tar ted at 
0342 UT, the maximum was observed at 0350 UT and at 0500 
UT the beam of solar particles became isotropic). Data,of 
the following pairs of stations from Table 2.1 were used in 
calculations ; Ottawa - Chicago, Chicago - Wellington, Climax - 
Sacramento, Sacramento - Mexico. The s t ra ight l ines  in Fig. 2.4 
have a n  inclination corresponding to Y = 6. 

It is interesting to  mention that the spectrum obtained 
has a tendency to  change the inclination with a change i n  the 
rigidity but within the limit of experimental e r r o r ,  it does not 
change its form with the passage of time. For example,the 
rigidity spectrum at 0600 U T  can be represented in  the form- - R ” 3  within t!Ie interval 1-2. 5 G v  but on increasing the rigidity 
to 10 Gv, it becomes very steep [-Rm7% 
is i n  conformity with the results of other investigations. For 
example, L. I. Dorman [l] and Meyer et al. [4] obtained 
spectrum of the scattered beam of solar particles i n  the form 
Dc- &-7 ( & is the total energy of the particles in Gev) f rom 
which one obtains Dc,- R - 7  for relativistic energies. 
ing to the work,of Baduell et al. [37], the effective spectrum of 
variations of primary radiation was defined by the relation 
Dc(R)/D(R) - Rw4* 5‘(where D- R” is the spectrum of 
undisturbed primary beam in the range of rigidities considered) 
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from which it 
with the curve 

follows that Dc (R)- g'6* 5 and this 
s shown in  Fig. 2.4. 

1 

is i n  line 

~ R , G v  

Fig. 2 4 'Dijferential rigidity spectra of solar particles at 0600, I000 and 
2000 UT on February 23, 1965 [361. The straight lines have an 
inclination corresponding lo Y = 6. 
Satisfactory agreement of the obtained results with othe 

investigations confirms the applicability of the above-described 
method for determining multiplicity factor of generation and 
speLtrum of sokar particles beyond the limits of the Earth's 
atmosphere in the range of R& 15Gv. 

Tile accuracy of the determination of 
depends on the width of the rigidity interval R1 - R2 for which 
the flux b of secondary particles of a particular type at the 
given altitude of observation is known from the data on the 
effect of latitude. If the spectrum of solar cosmic rays is of 
the type Dc = Do R-', the following relation should obviously 
be satisfied: 

(2.1 
I 
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f rom which we get 

Putting Do(R)-' = b, we get the value of *Ft: 

to 
to 

Thus, from equations (2. 15) and (2. l?), it is possible 
get the values of Do and at known b and given V and also 
evaluate ADo and on changing and vice versa. 

Another significant aspect should also be pointed out. 
If Dc = DoR'Y, f rom (2.1) we get the relation 

% x u  

If the dependence of m' on R is known at all values of R,  
it is possible to calculate auxiliary functions 

for different values of Rmin and . By comparing the 
curves obtained from equation (2.19) with the experimental 
lat it udi na 1 c ur ve s 
about the value of 

ring a flare, we get direct indications 
(it is valid only for the period of isotropy). 

2.2. Barometric effect of neutron component during flares. 
By increasing the accuracy of continuous recording of cosmic 
rays and by making detailed comparisons of variations i n  cosmic 
r a y s  at different stations, Dorman's method [l, 23 of determining 
the barometric effect with the help of one coefficient, 
corresponding to some mean free path for absorption of 
average beam of cosmic rays,  is not sufficient. 
fact, the spectrum of particles falling into the Earth 's  
atmosphere can change considerably during cer ta in  types of 
variations in  cosmic rays and may lead to a considerable 

A s  a matter of 
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change in the properties of secondary component, particularly, to  
a change i n  the mean free path for its absorption in  the lower 
part of the atmosphere, i,e.,  to a change i n  the barometric 
coefficient. I n  particular, significant changes i n  the barometric 
coefficient take place during large increases i n  the intensity of 
cosmic rays produced during strong chromospheric flares. It 
is necessary to consider precisely the barometric effect during 
these very periods and, first of all, th i s  effect is important 
in  the case of neutron component which has high barometric 
coefficient. 

Let A g  and As be the mean free paths for absorption 
of neutron component generated by galactic and solar beams 
of cosmic rays respectively; I and p be the counting rate of 
neutron monitor and pressure at the observation point before 
the flare and Is and p+Ap be the counting rate and pressure 
during the flare. If it is assumed that the intensity of galactic 
cosmic rays  does not change during flare*, according to 
McCracken [46], the relative change in  the counting rate,  
reduced to standard pressure po , is determined from the 
relation 

(2.20) exp%--exp?)exp P- P O  , 
A = ( I d p  1 ot) + 

where 
(2.21) 

The parameterhsfor neutron component was ,  for 
example, measured in the works of Santochi e t  al. [47] and 
Sakurai and Maeda [48]. 
suggested in L.I. Dorman’s book ( [l], Section 40.3) for the 
rigid component on the basis of the data for November 19, 
1949 flare. 

A value for& = 137 g/cm2 has been 

Taking& = 100 g/cm2 andhg = 138 g/crn2 for the 
neutron component, f rom (2.21) we geth = 363 g/cm2. 
differs from po by approximately 40 g/cm2, the second factor 

ring during Forbush effect). In such a case, it is necessary to introduce 
mother third mean free path for absorption related to modulated beam of 
pwlic2es. 

If p 

-_L_ * In sotne cases, this assumption is not fulfilled Uor example, flare occur- 
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i n  equation (2.20) gives a coefficient of l e  12. 
estimate the importance of deter mining the barometric 
correction accurately during flares, the data on the percentage 
increase i n  the intensity of neutron component of cosmic r ays  
on November 15, 1960 at seven stations at s ea  level and the 
average quadratic dispersion of these data for three cases 
is shown i n  Table 2.2: A - when barometric correction is 
not introduced at all; B - whenthe correct ionis  calculated 
by the usual method; C - when calculations are done on the 
basis of formula (2.20). 

In order to  

TABLE 2 .2  

Comparison of different methods of introducing barometric corrections 
during 0500-0600 U T  on November 15, 1960 [46] 
-- 

Station A B C 

Churchill 61.5  6 1 . 1  64 .1  

College 

Mausop 

McM urd0 

Ottawa 

R e 6 01 ute 

Thule 

69.4  67 .9  

6 5 . 0  65.5 

67.1 66.6 

6 9 . 1  6 6 . 9  

57.3 58. 2 

66 .8  67.5 

6 6 . 4  

65 .0  

66.6 

66 .9  

63.8 

64.4 

Average quadratic 

4.3  3.6 1.2 cl is pt r s ion 
---- 

It is  obvious f rom Table 2.2 that a proper introduction 
of barometric correction, to a large extent, changes the 
observational data by reducing the average quadratic dis-  
persion of the data of different stations by about 2 times ( in  the 
case of isotropic propagation of solar  particles). 

Strictly speaking, a similar situation will be observed 
during Forbush effects and other time variations. 
the magnitude of these variations is considerably less than the 

However, 
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effects of flares, and the spectrum of particles subjected to  
these variations does not differ much from the spectrum of 
undisturbed beam of  galactic cosmic rays and the application 
of formula (2.20) is not very much different from the usual 
method. Even then, i n  a number of cases -- from study of the 
precise structure of variations, study of microvarfations, 
data of supermonitors having low statistical e r r o r ,  and 
determination of the spectrum from high-latitude data (when a 
small difference i n  the readings of two stations may be 
considerably distorted due to fluctuations i n  pressure) - -  
it becomes necessary to use the method of two mean free 
paths (or even three mean free paths on superimposing the 
effects) according to equation (2.20). 

I n  view of the importance of the problem, N.S. Kaminer 

In the work [@I, the following equation w a s  obtained in 
[49J attempted to verify the results obtained by McCracken 
[46]. 
place of equation (2-20): 

or  

The following conclusions can be drawn from comparison 
of expressions (2.22) and (2.20): 

1)  The last t e r m  in  (2,20) contains the parameter 
fference is considerable 

2)  The effect of the flare in  equation (2,20) is expressed 
in  terms of I(p) - -  average counting rate at the given station 
before the flare, But, i f  in  accordance with [46], the standard 
pressure po is considered for all the stations, the value of I (p)  
correspanciing to a pressure p before a flare becomes an 
arbitrary (random) parameter, Therefore, it is more 
accurate to express the relative increase in  the cotmnting 
rate  during a f lare  b y  the parameter I. 
that the differences i n  the values of p for stat  ons 

/I. Cons rder ing 
situated S(P,) (pel 

0 

2 3  
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at sea  level can go up t o w 4 0  /cm2, we can  replace the 
rat io  IS (po)/I (pol by Is (pol B I (p) which may lead to a n  e r r o r  
of a few percents in  the magnitude of the effect. 

It should be mentioned that in  practice the barometric 
ct  during flares of cosmic rays requires a knowledge 

of the mean free path for absorption of solar component 
At  the same time, this parameter depends upon the spect 
of solar cosmic rays. Therefore, can be different for 
different f lares and moreover, a given flare will depend 
on the threshold of geomagneti 

The other point made by N. S. Kaminer 1491 r e fe r s  to the 
following. 
of cosmic rays must be comparable. Moreover, i f  the 
standard value of pressure pol is used for analyzing the data 
of one flare and p 
subsequent generalization of these results will obviously be 
difficult. Hence, it is desirable to establish one standard value 
po on the basis of the data on average values of p r e s s u r e 7  
for all- ths world network of stations situated near the sea level 
a n d  to use the same in all  the investigations. For example, i f  
it is considered that the stations situated near the sea level a r e  
those whose altitude changes within 0-500 m, the average 
pressure changes from 1010 millibars to 960 m i l h b a r s .  In 
this case, po = 980-990 millibars should be taken as the average 
standard value of p r e s s u r e .  

T'ne resul ts  of analysis obtained on different f lares 

for analyzing the data of another flare, the 02 

Assuming (for example, see [46]) that detectors of high- 
latitude stations during isotropic phase of a flare record equal 
increases in  in.tensity, N. S. Kaminer 1491 from an analysis of 
the data of world network of cosmic - r ay  stations situated at 
sez  level found a simple relation for the value of As : 
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where  m and n r e l a t e  to the  indices obtained f r o m  da ta  of two 
differ  e nt s tat io n s  . 

In view o f  these  expe r imen ta l  problems,  t'-- data obtained 
by Kodama [ 5 0 ]  during r eco rd ing  on different ampl i tudes  of the 
inc rease  of neutrons o f  different multiplicity f ac to r s  are of 
grea t  in te res t .  
1967 f lare  which w a s  r e c o r d e d  by the naval t r ip l e  -counter 
.nonitor of the type descr ibed  i n  [8] during the s tay of ice  
breaker  "Fuji ' l 'at  Siova (69. 03O S, 39.60 W ) .  
amplitudes of the inc rease  and ave rage  ene rg ie s  of nucleons 
responsible  €or the given multiplicity lac tors .  

This  r e su l t  was obtained during January 28, 

Table 2.3 shows 

TABLE 2 . 3  

Amplitude of the inc rease  at different  mult ipl ic i ty  
fac tors  at Siova during J a n u a r y  28,  1967 flare [50] 

Multiplicity fac tor  1 2 3 4 5 2 6  

Average  energy ,  Gev 0.11 0.24 0.52 1 . 0  1 . 7  3 4 . 0  

Amplitude of the  inc rease ,  % 14.7 17 .6  1 5 . 4  11.4 '9. 0 d 2 . 1  

2 . 3  Analytical  method of studying the f l a r e s .  An interest- 
ing method w a s  suggested by Shea a z d  Smart [51] for studying 
the effects of flares f r o m  ground data .  This method makes  it 
possible  to consider  the poss ib le  an iso t ropy  of s o l a r  cosmic 
r a y s  whi!: analyzing the observa t ion  data  (for which it is 
necessa ry  t o  know the rece iv ing  c o n e s  of p r imary  rad ia t ion  
for ground s ta t ions and  in t eg ra l  multiplicity fac tors  of 
generat ion for the obse rved  secondary components).  Following 
is the principle of the method. The amplitude A of the 
increase  e x p r e s s e d  in  p e r  c e n t s  c a n  be r e p r e s e n t e d  by the e q u a t -  
ion: 
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where S is the specif ic  work function, R is the  rigidity,  x is 
the atmospheric  depth, D is the s p e c t r u m  and F i s  a function 
describing the angillar dependence between direct ion at the 
visible source  and asymptotic direct ion for every  value of the 
r igidi ty;  indices  q and f r e f e r  t o  quiet  and dis turbed (during 
f l a r e s )  spec t r a  respect ively.  
station and summing up all the r ig id i t ies  with a n  in t e rva l  of 
0. 01 f r o m  the smallest observed rigidity (in o r d e r  t o  consider  
the penumbra effect)  t o  a value at  which fur ther  i nc rease  is 
insignificant, i t  is possible to  get the propagation direct ion,  
flux and spec t rum of  par t ic les .  
the May 4, 1960 f la re  event  a r e  wel l  i n  conformity with the 
exper imenta l  data. 
fact  that  stations with large asymptotic receiving cones  and la rge  
penumbra e f fec ts  can  be effectively a sed  i n  addition t o  s ta t ions 
having narrow receiving cones.  

Analyzing the  data. of e v e r y  

The r e su l t s  computed for 

One advantage of t h i s  method l ies  i n  the 

2,4. Some pecul iar i t ies  of eauipment  for recording. s o l a r  
cosmic  rays .  
is similar t o  the one fo r  galactic cosmic  r ays .  But the spcjradic 
nature of f la res ,  steeper s p e c t r u m  of par t ic les ,  the high 
intensity of so l a r  par t ic les  and l imitations on the dura t ion  of t he  
event impose additional demands on the equipment which, 
f i rs t ly ,  should r e c o r d  the beginning of a f lare  with the max imum 
possible accuracy and secondly,  should make it possible t o  get 
data about the intensi ty  for any given in t e rva l  of  t ime during 
the event. Moreover ,  the programming of the appara tus  f r o m  
one operat ion schedule  to  another  (tlamely i n  t he  beginning, it 
should r e c o r d  f l a r e s  and a f t e rwards ,  t he  undisturbed f l u x  of 
cosmic  r a y s )  should be automatic.  

The equipment used for record ing  so la r  pa r t i c l e s  

Keeping In  mind the above point, J. Simpson [52] has  
designed a spec ia l  device which could different ia te  the beginning 
of a f lare  i n  neutron monitor with a n  accuracy  of 1 min and 
which could automatically take photographs eve ry  minute and 
later on, a f te r  eve ry  five minutes. This  device helped i n  
getting exceptionally valuable data  during the F e b r u a r y  23,1956 
f la re .  

Ya.  L. Blokh [53] designed a similar device for telescope 
counters  and, i n  th i s  c a s e ,  the  photorecorder  r eco rded  the’time 
and reazings of the sca l e r  after every  1-1/2 minutes. 
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In the case of ionization chamber, the electrometer 
goes out of scale due to a sudden increase i n  the intensity, 
and the instrument is no longer sensitive to the change i n  the 
intensity until the central electrode is not grounded 
again. 
minutes after which the indicator again goes out of scale and 
the instrument does not operate for a long time t i l l  it is 
grounded once again. Hence the instrument does not operate 
during the most interesting periods of the increase in  the 
intensity of cosmic rays. Because of this, Yu, G, Shafer 
[54] has redesigned the instrument making it possible to  switch 
over the electrometer quadrants t o  be fed with low voltage 
immediately after the beginning of the sharp increase (i.e., 
before the indicator goes out of scale for the first time). It 
reduced the sensitivity of the electrometer and helped to  
record all the incoming information. 

After grounding, the recording continues for a few 

The equipment meant €or stratospheric, satellite and 
rocket measurements of solar particles differs from the ground 
equipment in  weight, dimensions and geometry. In particular, 
a specific direction of detectors is required for measuring 
the degree of anisotropy of solar particles in  the interplanetary 
space. In addition, a special memory system for storing the 
observed data and a system for telemetering the same to the 
Earth is necessary. 

3. SENSITIVITY O F  SOLAR PARTICLES TO PHYSICAL 
CONDITIONS IN THE COSMIC SPACE 

Theoretical investigations on solar  cosmic r a y s  acquired 
great impe,us during the last decade along with the development 
of the experimeptal techniques and accumulation of observational 
data. In the Light of modern experimental data and theoretical 
concepts, propagation of solar cosmic r a y s  c a n  be considered 
a s  a single, complicated process defined by the properties 
of the medium through which the particles move. 

During its propagation from the source to the observation 
point, a solar particle experiences the influence of solar 
atmosphere and local magnetic fields on the Sun, interplanetary 
medium, inter planetary and geomagnetic fields and of the 
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E a r t h ' s  a tmosphere .  A s  a r e s u l t  of this  interact ion,  individual 
cha rac t e r i s t i c s  of the par t ic les  (viz. t r a j ec to ry ,  efiergy 
and cha rge )  a s  we11 as  group proper t ies  of a la rge  complex  
of par t ic les  (viz. energy spec t rum,  nuc lear  composition, 
and total  flux) should change. 
paragraphs  the  ro l e  of basic  f a c t o r s  which can  give r ise  t o  a 
change in the  spec t rum,  composi t ion and o ther  c h a r a c t e r i s t i c s  
of so l a r  par t ic les .  

W e  will consider  in  the  following 

3 .  1. Nuclear reac t ions .  A s  shown by V. L. Ginzburg -___ 
and S. I. Syrovatski i  [21], the composi t ion of galactic c o s m i c  
r a y s  observed at the E a r t h  considerably d i f f e r s  f r o m  tha t  
a t  their  sou rces .  
t ransformat ions  due to  interact ion of c o s m i c  r a y s  with in te r  - 
s te l la r  medium i n  the process  of t h e i r  propagation i n  the  
galaxy. In th i s  ca se ,  the cosmic  r a y s  are significantly en r i ched  
with protons and light nuclei due t o  the dissociat ion of heavy 
nuclei. 
of s o l a r  cosmic  r a y s .  Hence let us  cons ider  the  role  of nuc lear  
interact ions i n  the interplanetary space,  so la r  co rona  and  i n  the 
chromosphere  individually [ 21. 

T h i s  difference is caused  by the nuc lear  

A similar situation a l s o  exists i n  the c a s e  of propagation 

The amount of matter cove red  by s o l a r  pa r t i c l e s  i n  the 
inter  planetary space i s considerably less than  the m e a n  free 
path of nuclear  interact ion ever! for the heaviest  nuclei. 
a mat te r  of fact, since the time lag of par t ic les  is  of the 
o r d e r  of one day, the velocity 0 - 1 0 ~ ~  crn/sec and the densi ty  
of the  in te rp lane tary  medium n 6 1 0 3 / c m 3 ,  the to t a l  amount  
of ma t t e r  t r a v e r s e d  by the par t ic les  is & l o 8  a tom/cm2 o r  
10'' g/cm2, that  means  the  nuclear reac t ions  i n  t h e  in te r -  
planetary s p a c e  can  be neglected. 

A s  

During the  c o u r s e  of pas sage  of acce le ra t ed  pa r t i c l e s  
in  the so l a r  corona  with density n N I O 8  ~ r n ' ~ ,  nuclear reac t ions  
will be significant only if the time of ex is tence  o f  pa r t i c l e s  i n  
the corona  is 2 10 days.  Since the acce le ra t ion  p rocess  lasts 
for  5 1 hour,  the nuclear  reac t ions  i n  the corona  wi l l  be s igni-  
f icant only i n  the presence  of magnetic t r a p s  capable  of re ta in ing  
the par t ic les  far a long period (for many days) .  Such t r a p s  can 
most probably ex is t  [2] but t he l r  life c a n  hardly be more  than  
1 day. 

r 

Nuclear reac t ions  i n  t r a p s  having such  a life wil l  be 
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significant only if the density of the medium is 109-  l o l o  
i.e., if the particles move in  the lower corona and upper 
chromosphere. 

If the particles move in the chromosphere having n - 
~ m - ~ ,  their life with respect to nuclear reactions at 

3 v - l o l o  cm/sec will b e d  102-10 
to the acceleration period. 

sec which is comparable 

If acceleration process for all the nuclei proceeds in  
a sufficiently dense medium and is valid for a long time, the 
nuclear composition may get sufficiently enriched with light 
elements. However, even in this case, a large amount of Li, 
Be, B nuclei should have been observed in solar cosmic rays 
which i s  contrary to the observation data. 

Thus, it  can be confirmed that the composition of solar 
cosmic r a y s  can change (by enriching with lighter nuclei) 
i f  there a re  long-life magnetic t raps  in the corona or i f  the 
acceleration process mainly takes place in the chromosphere 
at  high density regions. 

Since the nuclear reactions in the interplanetary space 
can be neglected, the measurements made at the Earth will 
mainly give information about the composition of p r t i c l e s  
corresponding to the time of their exit from the solar 
at mo s phe r e. 

It may be assumed that some amount of unstable 
isotopes is  formed during nuclear reactions in the solar 
atmosphere. 
energy and charge is  changed to some extent by  a p a r t  of 
them undergoing dissociation with half-life periods comparable 
to diffusion characteristic time. However, at  present, there is 
no reliable data on isotopic composition of solar particles 
(see Section 9.3)*.  

* Rccr,.llly B. M. Ktd,&evskii [III .  1661 shotucd that flux Of Be7 nacleifrom a 
solayf/at-e in the interval i? 
than the f lux of Be9 nuclei. b the internal 120-204 Mev/nucleon, intensity 
of Be7 ~ l ~ / c t e i  cango up to 1.2~10-3 m-2.sec-1 sterade1. There is a 
possibility of an increase in the ,flux of YadiWCtiVe iSOtOpe as compared to 
ihp sfnble f lux  for  cobalt nuclei QS Well ( C O ~ V C O ~ ~  '2- 1 in the interval 
5--70 Meq/nucleon). At 30-400 hlez)/nucleon energy, flux of radioactive 
sohnlt is a few percents of the flux of stable cobalt. 

The distribution of solar particles according to 

--c 
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The role of nuclear reactions in  the Earth's atmosphere 
is well evident from the fact that cosmic r a y s ,  before reaching 
the Earth's surface, must pass  through the layer of air which 
is approximately equivalent to 15 nuclear mean free paths. 
this case, characterist ics of solar cosmic r a y s  at the boundary 
of the Earth's atmosphere a re  evaluated with the help of the 
method of correlation coefficients (see Section 2.1). 

In 

3.2. Ionization losses. Ionization losses for two nuclei 
of cosmic rays - -  light (hydrogen, Z = 1)  and heavy (iron, 
Z = 26) - -  during their propagation thm ugh the interplanetary 
medium with concentration n r~ 1 ernw3 can  b e  estimated with the 
he lp of known formulas. 

In the case of propagation of a nonrelativistic particle 
with kinetic energy 6, = 100 Mev, losses on excitation and 
ionization of atoms of the medium a re  3 . 2 3 ~ 1 0 ~ 7  ev/sec and 
9 . 4 5 ~ 1 0 - ~  ev/sec for proton and i ron  nucleus respectively. 
In the relativistic case ( = lo1* ev), the ionization losses 
--re as expected slightly less:  2 . 2 6 ~ 1 0 - ~  ev/sec for hydrogen 
and 1 . 0 7 ~ 1 - O - ~  ev/sec for iron, 

I n  a n  absolutely ionized medium with electron concentra- 
tion ne* the ionization losses i n  the nonrelativistic c a s e  
(6, = 100 MeV) are 1. 35 x ev/sec fo r  hydrogen and 
6 . 1 ~ 1 0 - 3  ev/sec for i ron whereas for the relativistic case,  
they a re  6 ~ 1 0 - ~  evysec and 3 . 9 ~ 1 0 - ~  ev/sec respectively. 

Thus, ionization losses of solar cosmic r a y s  in  the 
interplanetary medium during diffusion period (N103-104 sec)  
can be neglected. 
medium by one o r  two orders does not change this conclusion 
significantly. 

Even an increase in  the density of the 

It should be noted that the particles may not be 
completely ionized in  the process of their acceleration at the 
Sun since the lower the degree of ionization of an  atom, the 
lesser will be the injection energy. However, in  the process, 
when the energy accumulates at sufficiently dense regions, the 
atom will more and more get ionized. 
ionization of accelerated atoms wil l  be determined by the specific 
nature of the acceleration mechanism and by the density of the 

Thus, the degree of 
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substance of the medium in which the energy accumulates. 
As stated ear l ier ,  the degree of ionization should not practically 
change during propagation through the inter planetary space. 
Data on the degree of ionization of solar particles a re  of 
exce ptional importance for understanding the acceleration 
mechanism. Till this time, there a re  no such data available. 
The most direct information about the degree of ionization 
of nuclei could be obtained with the help of artificial satellites 
and cosmic rockets. To this end, it is possible to make use 
of the geomagnetic field dividing the nuclei of effective charge 
Z* according to their rigidity R* = R Z / Z *  beyond the limits 
of the atmosphere. Thus Z* = RZ/R* where R* is determined 
from the geomagnetic theory and, R and 2,  f rom the 
me-asurement s by balloons. 

In regard to the problems already discussed in  Sections 
3.1 and 3.2, the results of measurements, obtained by 
Bryant et al. E551 on spectrum of solar protons with &k)/2 Mev 
with the help of satellites "Explorer - 12" and "Explorer -14" 
beyond the limits of the Earth 's  magnetosphere, a r e  of great 
interest. Accgrding to [55], the emission spectra bf solar 
particles for a large number of flare events (September 28, 
1961; November 10, 1961 and December 23, 1962) a r e  well 
described by a power function of kinetic energy right up io 

From this, it is concluded that the amount af 
matter traversed by protons after acceleration was less than 
the mean free path for absorption of a proton having Ek = 1 MeV, 
i.e.,  10-3 g/cm2. 

&k-i:Mev. 

Information on the isotropic composition i s  very 
important for evaluating the amount of substance t raversed by 
solar particles sfter acceleration. For example, let u s  suppose 
that accelerated c( -particles cross  a layer of substance 
(hydrogen) 4 0.2 g/[cm2 and the c ross  section of formation of 
He3 is equal to 5n millibarn. In this case, the ratio He3/He4 
will  be 4 6 x 10- '. 
value 0.2 obtained experimentally by Schaeffer and Zahringer 
[56] with an accuracy up to the third place. Basing our comput; 
ations on the lowe; limit of the experimental relation (+ 0.06), 
we get the amount of traversed substance 4 1 .  2x1024 atom/cm2, 
L e . ,  approximately 1 g/cm2, and this result is contradictory 
to Biswas's observations [573. 

This value is about 2 orders  less than the 

A s  shown in [57], data obtained 
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by Schaeffer and Zahringer [56]  are  unreliable. 
situation i s  observed in the case of measurements on the 
abundance of deuterium and t r i t ium [ 2 8 ,  291. 

A similar 

3 .3 .  Collision of solar particles with magnetic clouds. - 
- -____- 

The modern model of interplanetary medium assumes a 
dynamically changing, in space as well with time, picture 
of motion of irregularit ies of magnetic field ("magnetic clouds" 
f rom the Sun. Therefore, the particles, generated during 
chromospheric flares, must experience the effect of 
retardation or acceleration in  the process of collisions de pending 
upon the fact as to  whether they obvertake the magnetic clouds 
or  undergo cross  collisions with them. In the case of a 
collision with a magnetic irregularity, the acceleration is 
caused by the induced electrical field E = -1/c [uH] originating 
due to  motion of the magnetic field, frozen in  the medium, with 
a velocity u . This effect i s  the b a s i s  of the statistical model 
of Fermi acceleration [ 58 ] .  

Solar particles propagate i n  a n  expanding beam of magnetic 
irregularities. In the long run, it must lead to some decrease 
i n  the energy of particles since they mainly undergo overtaking 
collisions, This "reverse" statistical mechanism of Fermi 
w a s  first studied by B. LGinzburg e t  al. [ 5 9 ] .  
estimate of the effect of retardation [60]  gives the change in t b e  
energy per collision as g€ = - E ~ A * / C ' A ,  . A particle, 
reaching the Ear th  in a time t after the flare, on a n  average, 
undergoes collisions 1 %= vt/A and average loss of energy 
will be AE = SEV = Ev & t / C ' L A .  By taking the average for 
volume "h i n  which diffusion takes place, we get A &  = 3 E t t . 2  t/ 
2 ~ ~ ; .  
more will be the loss  of energy (at u t - r ,  the loss will be 
significant for particles of a n y  energy). 
propagation of particles from the Sun to the Earth is t - r$/6X- 
F rom this, we get for theaverage loss of energy, E = 3&uvr i  / 
4c2; h . If y- r8, then 
particles v N c and since ury, /cAd< 1 ,  the decrease i n  the energy 
cf Farticles can be neglected deliberately. 

u = 3 x l o 7  cm/sec and v z 101' cm/sec, then A t  / & k S  @ 
2i A = 

L.I.I?orman's 

Thus, the later the particle reaches the Earth,  the - 
The average €ime of 

-uvr6 /c2A . For  high-energy 

But if the particles 
If ' a r e  nonrelatiGistic, then€  3 moc2 and A & / & k ' i ~ :  2ura /,A. 

cm, i. e. ,  for the givcn'case, at * = 3 x 1 O 2 I  cm2/ 
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sec. 
low-energy particles and it leads to a change in the gradient of 
spectrum in the region of low energies. 
the spectrum at low energies is plane, the retardation must 
par t ia t ly  compensate for the decrease in the intensity of particles 
caused by convection in  the solar wind, 

Thus, the braking is noticeable only i n  the  case of extremly 

On the other hand, i f  

3.4 Effect-of drift. According to Parker [61), the 
drifting velocity of a proton, having a kinetic energy X - 
(in static-energy units) and moving perpendicular to  an 
irregular magnetic field of intensity H 
characteristic dimension LN cm, is Udr = 4 . 5 ~ 1  07Xx 
( x  i- 2)/( ?c t 1 )  cm/sec. 
proton with 6, = 1019 ev ( %  S 1)  covers a distance of 1 . 2 ~  
10l2 c m  = 0.09 a. u. 
Ek = 10'ev covers a distance which is eight times less 

whereas a proton with &k = l o l o  ev covers about seven times 
more distance. From the above it is obvious that f i r s t l y ,  the 
particles fill the interplanetary space quickly due to dri'ft only 
at the highest values of &k 
accordance with the observed time lag of the order of a few hours; 
secondly, i n  the procnss of drifting the beams of high-energy and 
low-energy particles - get absolutely separated and this is 

Hence, it is difficult to formulate such a theory of propagation 
of solar particles which may be based on the drifting of particles. 
In a l l  probability, drifting of particles does take place and plays 
some role in the large -scale inter planetary fields but this 
effect does not play the leading role, most probably, excepting 
in the case of particles with extremely high energies. Of 
course, this preliminary conclusion does not settle the 
problem of the role of drifting in  prgpagation of solar particles. 
In this connection, it is pertinent t o  point out that the drifting 
velocity of a n  a-particle havi.ng the same magnetic rigidityas 
a proton of energy X is less  than that €or the proton by n e a r l y  
[l -3/4( xt 1)1/2]. 
of a n  a-particle having the same energy per nucleon are twice 
than those of a proton. 

interplanetary space, then, the t e r m  that is more important 
in the equation for diffusion coefficient i s  not the velocity of the 
particles but the drifting velocity in  the inhomogeneous regions of 
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gauss and 

During 5-hours of drifting, a 

During the same period, a proton with 

1 010 e v  and reach the Earth in 

contrary to the observations on particles with Ek 6 10 9 ev. 

The Larmor radius and the drifting velocity 

If there is a large number of inhomogenities in  the 
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the magnetic field (if the i r r egu la r i t i e s  completely f i l l  the s p a c e )  
o r  in  other words,  the ave rage  effective velocity of par t ic les  
obtained by consider ing the effect  of drift  (if the  i r r e g u l a r i t i e s  
of the field are a t  a n  ave rage  dis tance of d f r o m  e a c h  o t h e r )  
PI. 

In principle, additional migrat ion of par t i c l e s  due t o  
convection f r o m  the Sun t o  the E a r t h  is possible due t o  the 
d i r ec t ed  radial  motion of magnet ic  i r r e g u l a r i t i e s  
Chapter  IV)*. 

(see 

3.5.  Accelerat ion of so la r  pa r t i c l e s  i n  the in te rp lane tary  
space.  Interest ing e f f ec t s  due to  the inc rease  i n  the flux of s o l a r  
par t ic les  before the sudden commencement  of geomagnetic s t o r m  
were  noticed by Axford and Reid [ 6 2 ]  on the  bas i s  of c o s m i c  radio 
noise absorpt ion r e c o r d s  during the polar c a p  absoro t ion  events  
of F e b r u a r y  11, 1958, May 8, 1960 and September  30, 1961. 
S imulta  nco us m eas  ur  em e nt s o n s at ell i te  s " Explor  e r  - 1 2" and 
a In jun - l "  during the September  30, 1901 event,  a l s o  conf i rmed 
the  assumpt ion  that the  inc rease  i n  absorp t ion  was  caused  
by the  inc rease  in the  f l u x  of low-energy  s o l a r  protons.  
The inc rease  i n  absorp t ion  before the commencemen t  of magnet ic  
s t o r m  i s  i n t e rp re t ed  [62]  on the basis  of "compress ion"  of 
par t ic les  between two shock waves in  the in te rp lane tary  medium. 
One of these  shock waves  responsible  for the geomagnetic s t o r m  
moves f r G m  the Sun t o  the E a r t h  a t  a velocity - 1000 km/sec.  
The  second slstanding'f wave is caused  by the moving so la r  wind 
in te rac t ing  with the Ea r th ' s  magnetosphere.  

A s  a r e su l t  of the "compression",  the pa r t i c l e s  accumulate  
in-between the waves and the i r  energy  i n c r e a s e s  owing t o  
Fermi's acce lera t ion  mechanism.  
simultaneous'y,  give r i s e  t o  a n  inc rease  i n  the  f l u  of pa r t i c l e s  
whose energy i s  higher  than  the ene rgy  n e a r  the E a r t h ' s  
surroundings.  
observed on c o s m i c  r ad io  noise absorp t ion  can 
on thc basis  of the above interpretat ion.  

~ 

Both these effects ,  act ing 

A s  shown i n  [621, most  of the pecul ia r i t i es  
explained 

* A>, j m i t l d  oir! by  Parker (611, the convection of particles in the solar 
wiw! .  j t isf  rikc llze nc~gligibly swall large -scale drift (these effecfs are 
r oriipnr-nblc wi th  rcspect to o r d w  of magnitude), mainly sei-ves for migra- 
tion m r i  rx-jmns ion o/ jmdic.le clislvihdion caused hy diso;derly nzoeiemed 
(diifiisio?r). 7'1ii.s moiwmwl  is nioye contplicnted lhan the convection pro-  
~ ' C S S  nrui in w o s f  of 111c cases, takes place at a higher speed. 
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3.6. Solar cosmic rays and local cut-off rigidities in 
As pointed out by Ray [63], measurements the -- geomagnetic field. 

on spectra of solar protons at northern latitudes showed that the 
cut-off rigidity in  this region, even during magnetically quiet 
days, is, i n  general, ccnsiderably less  than that obtained by 
calculations i n  which the actual distribution of geomagnetic field 
obtained from ground data, and the corresponding ring current  
a r e  taken into account. 
descrepencies can be easily explained by considering, i n  addition 
to the above-mentioned componetits of the field, another turbulent 
component existing at all places beyond a certain distance from 
the center of the Earth. 

According to Ray [63], many of the 

Similar studies a r e  also made by Akasofu et  al. [64]. 
They, in addition to  the differences between effective and cal- 
culated rigidities during magnetically quiet dayst estimated the 
effect of the decrease in  cut-off rigidity during the main phase 
of the magnetic storm mentioned by Winckler et al. [65]* 
Both the effects are considered within the framework of 
present concepts about the ring current which is caused by 
the particles captured in the geomagnetic field, and about 
the magnetosphere extending up to a distance of 8-12 ear th  
radii  (rE) and is i n  conformity with the data obtained by 
Satellites "Explorer-12" and "Explorer -14". The effect of 
compression of magnetosphere is shown in  Fig.3.1. The 
prohibited (dark) and permissible (bright) zones in the 
spherical magnetosphere are shown for particles with kinetic 
energies equal to  500 kev, 1 MeV, 30 Mev and 100 &v. 

current leads to  a decrease in  the cut -off rigidity at a given 
point at high altitudes by a factor k = 1/(1 + MR/ME) where 
ME = 8.1~1025 gauss. cm3 is the magnetic moment of the 
Earth and MR is the magnetic moment of the r ing current. 
Calculations show that the ratio MR/ME cannot be more than 
one. It is evident from this that only the ring current cannot 
reduce the rigidity R by a factor 4 0.5. The observed value 
of lo a re  of the order of 0.2 which corresponds to the extremely 
large value MR/ME = 4. In practice, still lower values of k a r e  
observed. According to observations of Maehlum and 0' 
Brien 1671 on July 12, 1961 (magnetically ca lm period) at 
College (Alaska) where usually protons with6k 2 15 Mev (R = 
0.168 Gv) reach during magnetically calm days, protons 

Kellog and Winckler [66]  painted out, that the ring 
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- 

Fig. . 3 . 1 .  Prohibited (dark) and permissible (brighl) zones in the Earth's 
magnefospltet.e for particles having kinetic energies equal to 500 
kezi (a), 1 Meti 0, 30 Met) (c) and 100 MeV (d). 

with tkcV 1 MeV (R = 0.0433 Gv) started arriving during the 
main phase of magnetic storm. 
of k = 0.09  or  MR/ME = 10 which is absolutely imrassible.  
A similar study of the second possibility showed that the 
observed decrease in rigidity 'cannot be completely explained 
only with the help of compression of magnetosphere which 
reduces the angle between the dipole axis and the lines of force 
near the poles and thus, facilitates penetration of low -energy 
particles. 
in  the case of vertically falling particles),Akasofu e t  al. E641 
showed that the observed decrease in rigidity can'be quantitati - 
vely explained by a suitable combination of both the disturbing 
pr oc e s s e s . 

It corresponds to  a valcle 

Under certain simplified assumptions (particularly 

'In connection with the problem under reference, Stone's 
work [68] is of great interest. 
of cut-off rigidity on local time has been investigated for 
protons with Ek = 1 5 MeV. 
with the help of satellite "Discoverer -36" launched on September 

In this work, the dependence 

The investigation was conducted 
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17,  
apogee height 396 km, perigee height 235 km, angle of 
inclination of the orbit to  the plane of equator 82.7O. LOW - 
energy protons along the orbit of the satellite during the 
period of low geomagnetic activity were measured with the 
help of telescope counters having solid scintillators and 
installed in  vertical and horizontal directions. At a l l  latitudes 
higher than the characteristic cut-off latitude for these 
protons, a low flux of protons with Ek = 1 e 5 MeV was observed 
which interacted with the geomagnetic field as individual 
particle s. The observed vertical cut -off corresponded to 
geomagnetic latitude of 65O on the nocturnal side and 67O 
on the diurnal side whereas the theoretical Stormer cut -off 
should be observed at a latitude of 76O. The dependence 
on local time was also observed for the so-called transition 
width characterized by the difference in the latitude at  which 
the flux becomes measurable for the first  time and the latitude 
at which the maximum (plateau) of flux is observed for the 
first time. On the nocturnal side, the transition width was 
lo  and on the diurnal side, i t  was - 3 O  and is  found to  be 
variable. 
the same. 
the north and the south poles. 
regions were absolutely accessible to protons with&kZ 1.5 Mev. 
The obtained results do not predict any of the existing theories 
of geomagnetic cut-off and rnlrst be considered in  the light- 
of computations on proton beams which give r i se  to  polar c a p  
absorption of radio waves. 

Stone's measurements 1681 a r e  of special importance 
since the equipment meant for measuring the absorption of 
radio waves cann6t accurately define the boundary of the 
regioq of polar cap  (geomagnetic latitude3 6 5 O )  from the 
side of low latitudes. 

1961 into the solar orbit having the following parameters:  

I 

Horizontal cut-off latitudes were approximately 
Essentially identical results were obtained for both 

These results show that polar 

Hakura E691 studied similar problems. It is pointed 
out that the observed cut-off rigidities of cosmic 
regions a r c  considerably less  than those expected from 
Starmer's  theory even during magnetically calm periods. 
The latitudinal dependence of non-st5rmer cut-off rigidities 2s 
determined on the basis of the data on polar absorptions and 
observations on subcosmic radiation made with the help of 
balloons and satellites, 

rays  in polar 

It was shown that cut-off rigidites in 
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the latitude range of 55 - 6 5 O  differ from the dipole rigidities 
by a factor of about 0.7. 
a lesser extent and are approximately equal to dipole rigidities. 
This can be explained on the basis of the assumption regarding 
ring current in the calm field. 

Below 5 5 O ,  the rigidities change to  

Satellite observations o n  solar particles show that the 
cut-off disappears 
Theoretical mode I s  of asymmetrically de formed magnetosphere 
suggested by Michel and Dessler [ 7 0 ] ,  Dangey [71] and Levy e t  
al. [ 72 ]  pbviously satisfactorily explain the abnormal invasion 
of low -energy partic le s i n  polar caps although these mode 1s 
considerably differ f rom each other in the estimation of the 
role of interplanetary and geomagnetic fields and the resultant 
interval of time required for invasion of particles in the 
ma gne t o s phe r e. 

these theoretical models since these effects testify to  the 
transient nature of invasion of solar particles i n  the upper 
atmosphere. 
consists cf at least three characteristic stages which proceed 
successively in  different zones of polar regions. 
period from first stage to the second is usually of the order  of 
a few hours which testifies to the absence of a direct  relation 
between geomagnetic and interplanetary fie Ids. 

in the polar cap at a latitl.de 7 65O. 

Polar c a p  absorption events can be utilized for confirming 

It is clear that the initial absorption phase 

The transition 

Hakura [73] considered the role of solar 4c -particles 
in  increasing the ionization at the boundary of the region of polar 
ab sorptions. 

Geomagnetic coordinates corrected by considering higher 
harmonics of dipolar expansion are used for analyzing polar 
absorptions. The analysis shows that figures - -  oval in shape in 
the coordinate system of centered dipole -- of well-developed 
polar absorptions get circular shape i n  the corrected system and 
as such, provide unified ctit-off latitudes for  solar particles 
giving I ise to polar absorptions. 

changed from event to event within the l imits of 65-54O. 
hold rigidities of particles, capable of giving r i s e  to polar ab- 
sorptions, were calculated i n  [74]for the case cf protons and 
a-particles. The maximum of the obtained values, known as total 
threshold rigidity, can be related to the latitude cut-off of polar 

38 zbsor pt io n s  . 

I n  the corrected system, the minimum cut-off latitudes 
Thres- 
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Using rigidity spectra of solar particles suggested by 
Freier and Webber [III.6], i t  is possible to  draw the conclusion 
from statistical considerations that i n  most of those flares of 
solar cosmic rays when the ratio a l p -  1 ,  well-formed equato- 
rial boundaries of absorptions a r e  caused by a-particles. 
fore, the term "flare of solar protons" as applicable to polar 
absorptions should be corrected. 

I 

There- 

- 
There a re  some exceptions in  the case of "purely proton 

flares" when the flux of d -particles is insufficient for causing 
the absorption. 
was usually grouped around 65O in the corrected system. 

Reid and Sauer [74] studied the relation between the polar 
absorptions and the tail of the Earth's magnetosphere. It 
can be reasonably expected that the geomagnetic tail  will have an 
effect on the cut -off rigidities of low-energy solar protons 
(1 -100 MeV) and therefore, on the global distribution of polar 
absorptions. 
will invade the polar regions and, according to  the model of Mchei 
and Dessler [ 7 0 ] ,  rigidities different from zero  will be observed 
at high latitudes. 
regions will. come down to  values considerably lower than those 
expected in  the absence of the tail. 
determining the effect of tail on cutloff ci.gidities in s u l p d a r  
regions is y e l l  i n  line with the available observatiati data. 

The limit of minimum latitudes in  these cases 

If the tail  is  very long, excess  flux of protons 

On the other hand, rigidity in  subpolar 

The simple model [70] fqr 
h 

a ,  

Williams an4 Bostrom [ 7 5 ]  studied the results of obser - 
vations on solar protons during February 5, 1965 flare event. 
Measurements were made with the help -of 'high-latitude 
satellites "19b3-38 -C"  and "Injun-4" with. low orbits. 
According to observations [75], low-energy pZ&ons'( 1 M e V )  
have time v-riation which is noL in  conformity with the diffusion 
of particles and is characterized by a ser ies  of fluctuations in the 
intensity. These observations in  the polar cap  a re  compared 
to the time variation of protons having similar energy on the basis 
of observation by 'IMariner -4'l up to 3000 rE in the antisolar 
direction. 
of the geomagnetic field are closed up to  the arr ival  of plasma 
cloud from the flare;  af ter  the solar plasma reaches the Earth, 
a l o n g  rn:ignet. ic tail i n  which most of the lines of f&cc a r e  not 
c1osc.d is formccl. 

The comparison shows that most of the lines of force 

. -  / I .  
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The difference i n  the t imes of a r r iva l  of these protons 
at "Mariner-4" and to the region of the polar cap is discussed 
by assuming different shapes of the magnetosphere. kn 
particular, the a r r iva l  of low -energy protons to "Mariner -4" 
about 4 hours before they a re  observed at the polar cap is i n  
line with the assumption regarding the extent of the magnetosphe - 
ric tail. In general, the obtained data cannot be interpreted 
in a unique way on the basis of such a model. 
comparison of  time variations of low-energy protons in  the 
polar cap and at  a distance of about 3000 r E  in the antisolar 
direction shows that considerable changes were observed in 
the shape of Earth 's  magnetosphere during February 5, 1965 
flare event. 

Even then, the 

On the basis of Taylor -Hones model [77] of geomagnetic 
field, Taylor [76] recently carr ied out numerical machine - 
computations on the trajectories of protons with& = 1 .2  Mev 
passing through infinity. Only those particles were taken into 
account which attained a height6 2000 km from the Earth 's  
surface. For these particles, calculations show that: (a) the 
lines of force reaching the Earth at  latitudes less than 65O 
a re  inaccessible to  particles with pitch angles Q = 0 -900 
irrespective of the local time; (b)  the lines of force in the 
latitude range of 65-75 
accessible only to particles with high pitch angles at a height N 

2000 km (i. e., moving approximately orthogonally to the 
vector of magnetic field); (c) the t'polar plateau" - -  cloud of 
inaccurate shape obviously accessible to protons with any 
pitch angles between 0 and 90° - -  extends fromthe pole to 65O 
at the midnight meridian, to -75O a t  the noon and morning 
meridians and to ~ 7 0  at the evening meridian. A comparison 
with the observations of Stone [68] and Harding e t  al. [III. 1011 
confirms the accuracy of the calculations [76]. 

0 
on the diurnal side of the Ear th  a re  

0 

3 . 7  Shock zones for solar particles in the geomagnetic 
field. The analysis of the increase in the intensity of cosmic 
rays shows that the beam of solar particles is anisotropic at 
least a t  the initial stage. The radiation propagates f rom the 
Sun within a limited solid angle and the distribution of irztensity 
on the Earth 's  surface i s  mainly determined by the spectrum 
of particles in the beam and by the effect of gsomagnetlc field 
o n  it. As shown by F i ro r  [?I, trajectories of solar par t i -  
cles with & 4 0 . 0 3 - 1 0  Gev tend to group themselves i n  the 

4 0 
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geomagnetic field into isolated families and form the so-called 
shock zones. 

Formation of three well-defined zones - -  at 0900 hours 
(centering at about 0900 hours local time), 0400 and 2200 hours- 
is  of special importance. In addition, there is the fourth 
background zone which at R = 0. 03-10 G v  ccjvers whole of the 
region in the latitude range of 28-78 . 
[7] show that the ratio of intensities in  the basic shock zones 
in the case of a plane spectrum..is 7:3:1. However, subsequent 
and more accurate calculations of L k t  [?8] a n d  Sakurai [793 
which take into account the sharply-falling nature of the spect- 
rum, point out a more complicated picture of the distribution 
of intensity of  solar cosmic r a y s  in the shock zones& 
particular, it becomes apparent that in some cases, at medium 
geomagnetic latitudes, the intensity of the flare radiation 
is maximum in  20-hour shock zone. There can also be cases 
when intensities of all the three zones a re  comparable among 
themselves. 
the intensity at the boundary of the atmosphere. On the other 
hand, the sensitivity of the recording equipment varies for 
different regions of the spectrum, and also the energy of the 
particle decreases during the transition from 9-hour zone to 
the background zone at the given geomagnetic latitude. If these 
above facts a re  taken into consideration, the actual distribution 
of intensity at the surface of the Earth may considcrably differ 
from the one calculated by Frror  [TI.  
axis of the Earth's rotation with the axis of gemmagnetic dipole 
gives rise to diurnal and seasonal changes in  the position 
of shock zones [ 2 ] .  

0 Firor's calculations 

In 

It should be pointed out that these results re fer  to 

Nuncoincidence of the 

- 
R 

3.  8. Transformation of energy spectrum and nuclear 
composition of solar particles in the process of diffusion. 
TE.3 effect  of the interplanetary medium on the propagation of 
solar particles from the Sun to the Earth is not limited by the 
above - r e  nt i o ne d ph e no me na . I nve s t i  gat i on s c ond uc te d during 
the past 10 years showed that the interplanetary magnetic fielas 
p l a y  a leading role in  the propagation of solar particles. 
Different rnodels of propagation of solar particles are considered 
in  Chapter IV. The most significant consequence of diffusion 
of solar particl-5 at irregularities of the interplanetary field 
is t h c  change in their energy spectrum and nuclear composition 
w i t h  the passaoc of time. 
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A s  a matter of fact, it  was  observed by  Pfotzer [45] 
that even during the February 23, 1956 flare event, the differ- 
ential spectrum of pulses in the region 2. 5 < p &. 6.0 Gev[C 
is of the type p-3. for particles coming directly f rom the Sun 
whereas the spectrumof scattered particles was  much ste'eper 
( P - ~  o r  p-7) ,  i. e . ,  the beam of scattered particles was 
enriched with low-energy particles. Sharply-de fined dispersion 
effect  (i. e . ,  delay of low-energy particles) w a s  observed during 
the f lare  events of September 3, 1960 (Bhavsar -[SO] and Davis 
et al. 481]), November 12, 1960 (Lockwood and Shea [8Z])* 
September 28, 1961 (Bryant  et al. [23]) and i n  many other cases. 

These experimental observations a re  naturally explained 
by the assumption that the diffusion coefficient increases 
significantly due to an increase in the ene;rgy (rigidity) of the 
particles. 
scattering is determined by the rigidity of particles R = cp/Ze 
and depends on the distribution of magnetic irregularit ies 
and intensity of their field in  space. 
the diffusion coefficient of particles 
the rigidity of particles as well as on their velocity. 
de pedence is especially significant in  the region of noare lativist - 
ic energies where, i n  contrast to relativistic case f %.c,A sEnce 
v c\. c ) ,  the additional dependence on the velocity X N v will  
also have a n  effect. This fact  has a significant effect on the 
time of propagation of particles from the Sun to  the Earth (since 
tmax x - v-1). Moreover, nuclear composition of solar  
cosmic rays should change with time due to this very reason. 
A s  a matter of fact, the velocity of nuclei i n  the nonrelativistic 
region is less than the velocity of protons at the same magnetic 
rigidity by approximately two times since the ratio of charge 
to the mass number Z / A  for all  the nuclei with Z 3 2, detected 
in solar cosmic rays ,  is of the order of 1/2. Two important 
conclusions can be drawn from this. Firstly, separation of 
beams of protons and heavier nuclei of the same rigidity 
(enrichment of the beam of solar particles with nuclei having 
Z 3 2 at large t)  must be observed during cosmic ray flares. 
Serondly, all the nuclei with Z - 2  2 at a constant value of R 
should be simultaneously present in the beam of solar cosmic 
r a y s ,  i ,e . ,  there should not be any further separation of the 
beams of nuclei according to Z.  
(fiakura [S3]) a re  cited as an illustration. 

As shown in Section 13, the mean free path for 

It follows from this that 
=j\v/3 can depend on 

This 

- f  

Some simple relations 
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If the spectrum of solar particles according to  their 
rigidities at the time o f  emission was of the type Ds ( R )  = Dos 
exp ( -R/Ros) ,  then, as a result  of diffusion, during observations + 

at the Earth’s orbit, we get 

for protons and ~4 -particles respectively where K s  is the ratio 
of o( -particles to protons in  the source. On the other hand, 
ackording to Freier and Webber [III. 61, the spectrum observed 
near the Earth is of the type 

for protons and a-particles respective19 where K8 (t) is the 
ratio of a-particles to protons at the Earth’s orbit. 
account the fact  that the f l u x  of partic1 es during diffusiurl is 
maximum at tm - 

Taking into 

2 /6Xfrom ( 3 . 1 ) - 1 3 .  4) we get - r6 

”)” fw ( 3 2 )& (3. 
t m a - f m p  

t exp -- 

VP 
If the protons a r e  emitted with the same rigidity, then v = a 
where a = 1/2 [ d 1 -3/4(vp/c)]’l, i. e. ,  1/2 <a 
nonrelatiyistic case, velocity of protons vp =s Zv,, (3 .  5) becomes 

Since i n  the 

where 1: P, t/tmo(. The relations (3.6)  and ( 3 . 7 )  a r e  also 
applicable to integral spectrum of rigidities, 
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Thus, by measuring the time of maximum for beams of 
nonrelativistic protons ana o( -particles near the Earth, it is 
possible to calculate their  ratio K *  (t) at constant rigidity for 
any moment of time with an  accuracy factor of K s  which 
characterizes the p.rocess of acceleration of particles at the 
source. 

In the relativistic region, the ratio of the flux of protons 
to that of nuclei with Z 3 2 at any F-CilEnt of time should 
essentially be the same as  that a t  the time of their emission 
from the source. Unfortunately, experimental data in this 
direction are extremely scanty. For example, on the basis 
of the data of stratospheric measurements conducted by Biswas 
et al. [84] during September 3, 1960 flare, it  is observed that 
the beam of g-particles has a tendency to  get enriched with LOW - 
energy particles with the passage of time. A more definite 
result was obtained i n  the work of Biswas et  al. [24) for  November 
12, 1960 flare. According to [24], the differential spectrum 
of solar  particles for energies 6k 7 3 5  Mev/nucleOn had the 
form of a power function and the index was the same for pc- 
-particles and medium nuclei but was about twice the index for 
protons in the energy range of 40-130 Mev/nucleon. 
difference i s  explained by the dependence of diffusion aoe fficient 
on the erlergy of the particles. 

This 

By comparing the results of September 3 and November 

-particles or to medium nuclei can  change 
15, 1960 flares, Ney and Stein [85] showed that the ratio of 
protons to  
considerably (by more than a n  order )  from case to  case whereas 
the ratio of the flux of d -particles to that of heavy nuclei 
practically remains constant. 

It should be pointed out the relations mentioned he re are 
applicable only to  isotropic diffusion in  inorganic medium. The 
effect af properties of the source,  geometry of diffusion process, 
structure arid dynamics of inteplanetary medium on the energy 
spectrum of solar particles is analyzed in Sections 14 and 15. 

In the end, before this Chapter is concluded, let us 
mention some of the review works on generation, propagation 
and techniques of  detection of solar particles: L. I. Dorman and 
L.V.  Raichenko [86], Obayashi i87], Parker [88], Webber 
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[ 8 9 ] ,  Roedere r  [90, 91]., LGst [ 9 2 ] ,  Sakura i  L933, A. N. C h a r a k h c s  
yan and T. X. Charakhch'yan [94], Anderson 1951, Pfotzer  [96], 
Piepc r  et al. [97]. 

fe rence  on Cosmic  Rays held at Calgary,  Canada in June, 1967. 
R. Gal l  and J. J imine r  repor ted  the r e su l t s  of machine 
Computations of 150 t r a j e c t o r i e s  of protons with energy  from 
1 t o  500 MeV in  the  geomagnetic field. A model  of magneto- 
sphere  suggested by W i l l i a m s  and Mead (D. J. WiLl iams,  
M e a d G . D . ,  J .Geophyc. Res . ,  1965, 70, No.13, 3017) 
was used i n  the calculat ion which was  done with the aim of 
determining the cut  -off r igidity for Kiruna s ta t ion at midnight. 
According to  calculat ions,  the geomagnetic th reshold  at 
Kiruna is 47 MeV for the model of c e n t r a l  dipole, 104 Mev 
for eccen t r i c  dipole and 135 b k v  fo r  actual dipole by cons ider ing  
the f i r s t  six harmonics  of dipole expansion. 
hand, ca lcu la t ions  done by Gal l  and J i m i n e r  on the bas is  of the 
model of Wil l iams and Mead gave considerably lower values:  
4 t 1 Mev at night and 47 t 2 Mev during day. Ga l l  and 
J i m i n e r  a s s u m e d  tha t  par t ic les  e n t e r  the magnetospheric  tail 
at a d is tance  of 25 rE and af te rwards ,  channel ize  in  the  tail 
in a complicated manner .  
old at night g n  = 4 t 1 Mev is obtained by a s suming  that the 
intensity of magnet ic  f i e ld  in the  tail being Ht = 40 . The 
threshold  va lue  considerably depends o n  H For instance,  

t' 
g, = 22 - t 2 Mev at Ht = 15% . Coordinates of t he  reg ions  of 
the e n t r y  of protons of different  energ ies ,  reaching Kiruna  akong 
the vertical at noon and  midnight at Ht = 40 x ,  are given in the 
work  of Ga l l  and J iminer .  
reaching  Ki runa  a l s o  depend on the local time. 
r e su l t s  for geomagnetic cut-off r ig id i t ies  confo rm bet ter  to 
the approximate e s t ima tes  [74] than  t o  the model of dipole 
fie Ld. 

Supplement t o  Section 3.6. At the Internat ional  Con- -- 

On the  o the r  

The value of the geomagfietic thresh- 

Asymptotic d i rec t ions  of particles 
The obtained 

Thus,  d i r ec t  calculat ions of t r a j e c t o r i e s  of par t ic les  
show that cons idera t ion  of the effect of the tail of magnetosphere 
actually he lps  i n  understanding many pecul ia r i t i es  of the 
behavior of Low-energy cosmic  r a y s  (including those  of solar 
or ig in)  a t  high la t i tudes.  
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GEOPHYSICAL E F F E C T S  O F  SOLAR COSMIC RAYS 

The  invasion of so l a r  c o s n J c  r a y s  i n  magnetosphere 
Ear th ' s  a tmosphe re  is accompanied by a number  of 

geophysical phenomena which are cons idered  below. 

4. SOLAR COSMIC R A Y S  AND RADIATION BELTS O F  T H E  
EARTH 

Solar  cosmic  r a y s  can  play a ro l e  i n  the E a r t h ' s  radiat ion 
be l t s  by the following three possible p rocesses :  1)  cap tu re  
of s o l a r  par t ic les  of the lowest energy  i n  the magnetic t r a p  n e a r  
the E a r t h ;  
so l a r  par t ic les  i n  the E a r t h ' s  a tmosphe re  followed by dissociat ion 
n +p t e-+ $ ; 
fkares with subsequent dissociat ion n + p  e-  + itl the 
int cr pla netary space.  

2 )  format ion  of neutrons due to  nuc lear  r e a c t i o n s  of 

3 )  emiss ion  of neutrons during ch romospher i c  
-4 

Let  us consider  s o m e  of the  exper imenta l  data .  

Gauger [l] repor t ed  the results of m e a s u r e m e n t s ,  
taken in 1962, on neutron flux in  a tmosphe re  at depths  160-300 
g /cm2 in  the latitude range up t o  55 N. 
s p e c t r u m  i n  Che reg ion  of ek>60 Mev w a s  s t e e p e r  than  the one 
observed  in  1959 w h e r e a s  the s p e c t r u m  did not pract ical ly  change 
in  the energy  in t e rva l  10 Mev S g k S  60 Mev. 
the flux of neutrons with & k >  60 Mev w a s  observed  on  July 
21, 1962 i n  the latitude range of 50-55ON which is r e l a t e d  t o  
the possible pouring oiLt of protons t empora r i ly  cap tu red  i n  the  
region between inner  and outer  radiat ion bel ts .  

0 It w a s  shown that the 

An i n c r e a s e  in  

Katz e t  al. [2] s tudied the effect of a so la r  flare on the  
.%I outer  radiat ion belt of the Ea r th .  Scinti l lat ion s p e c t r o m e t e r s  

€or  record ing  flux of e l ec t rons  withEk = 0.7-4 Mev and pro tons  
vv ith E k = 1 - 4  Mev w e r e  installed o n  t h e  satellite "Hitch-hiker-1". 

46 
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Data on  the  effect due to a s o l a r  i l a r e ,  Gbserved at 0734 UT 
on July 4, 1963, on the outer  rad ia t ion  belt w a s  d i scussed  in the 
work  [2]. In par t icular ,  it  was  observed  that  at  L = 5  a n d > =  55 , 
the flux of e l ec t rons  i n  the belt decreased  by m o r e  than  a n  order 
and that  of protons by about t h ree  t i m e s  whereas  t h e i r  s p e c t r a  
and dis t r ibut ion accord ing  t o  pitch angles  pract ical ly  ciid not 
change. Res tora t ion- t ime constant  for the flux of e l ec t rons  
w a s  approximately equal to 2 days.  
p rocesses  r e m a i n s  unchanged and if the influx of electrons with 
ene rg ie s  &k>fMev f r o m  the source  is  a l s o  constant ,  then its 
power should be @ 1013 e r g j s e c .  
rate slightly less than  that €or e l ec t rons .  
inner  belt ( L ( 3 )  were  not observed.  

0 

If the  mechan i sm of Loss 

Pro tons  are r e s t o r e d  at a 
Dis turbances  in the 

On the bas i s  of the data  on measu remen t s  of protons by the 
satel l i te  "Injun-l" ,  Zmuda et al. [30] showed that the i n w r  
radiat ion belt  pract ical ly  did not change at the time of a r r i v a l  
of so l a r  protons and during the magnet ic  s t o r m  (September 28. 
1961 -October 4, 1961 ), 

During July 7,  1966 flare event,  Kr imig i s  et al. [89] 
conducted s imultaneous observa t ions  on protons with e n e r g i e s  
0 ,503  -4.2 Mev inside and  outside the magnetosphere with 
the  help of satellites "Injun-4" and "IMP- 1" ("Explorer -35") 
respect ively.  It w a s  shown that  so l a r  protons of th i s  ene rgy  
propagate f r o m  in te rp lane tary  space  t o  polar r eg ions  of the 
E a r t h  v e r y  quickly (with a d e l a y 4  0.5 hour) .  
penetration is most  probably caused  by the anomalous diffusion 
of particles i n  the tail of the magnetosphere through the 
ge omagne tic fie Id. 

Th i s  quick 

T h e  poss ib le  contribution 01 the par t ic les ,  which are 
produced as a result of so l a r  neutrons,  to  r ad ia t ion  belts is 
considered in Section 23. 

Dragt  et al. [4] es t imated  the  re la t ive  contribution of 
albedo neutrons,  f o r m e d  by galact ic  c o s m i c  r a y s  and solar 
protons,  to rad ia t ion  belts.  The important  results obtained io 
the  work  [4] lead  to the  following conclusions.  
protons wi th  & k>20 Mev in  the  rad ia t ion  be l t s  c a n  be explained 
by nuclear react ions of galact ic  par t ic les  in  the  Earth's atmo- 
s p h e r e  only if the  f lux of the neutrons w e r e  50 t imes  the value 

1) The flux of 
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used i n  [4]. In  th i s  case, i n  'order to  d e s c r i b e  the  d is t r ibu t ion  of 
protons along the l ines  Gf f o r c e  of the  geomagnet icf ie ld ,  it is 
necessa ry  to consider  s ca t t e r ing  by magnetohydrodynamic waves  
beyond the  l imi t s  of the  ionosphere in addi t ion to the  a tmosphe r i c  
scat ter ing.  
r ange  of energ ies  is small. 3 ;  A t  6 4 20 MeV, the  amount  
of protons in  the  rad ia t ion  belts is ex t r eme ly  l a r g e  so tha t  it 
may  be explained by the  d is in tegra t ion  of neutrons and the re fo re ,  
it is necessa ry  to cons ider  o ther  s c s s c e s .  

2 )  The re la t ive  r o l e  of s o l a r  protons in t h e  same 

The  r e s u l t s  of calculations of t he  intensity,  s p e c t r u m  and 
the  angular  dis t r ibut ion of neutrons produced by s o l a r  pro tons  
in the Ea r th ' s  a tmosphe re  are  r e f e r r e d  to  in  the  works  of 
Lingenfel ter  and F lamrn  [ 5 , 6 ] .  
protons wi th  & k <  10 Mev f o r  different  s o l a r  flare events  and 
a l so  f o r  integral  neutron f l u x  dur ing  the-whole of the  last s o l a r  
act ivi ty  cycle. 
of the f o r m  dI/dR = (dI/dR)de-R/Ro values  of Ro and (dI/dR),, 
averaged  f o r  the cycle  w e r e  found to  b e  125 Mv and 2 proton. 
cm-; sec-l .  M v - l  respect ively.  

in  the  
c a s e  of slow neutrons,  it is i so t ropic  at in te rmedia te  ene rg ie s  
and has  a maximum at l a r g e  values  of 8 in  the  case of high 
energ ies  ( 0 is the  angle  r e l a t ive  to  t h e  d i r ec t ion  of r' fa l l ing  
proton). The  fluxes of albedo and s t ab le  neutrons ca lcu la ted  as 
a funct ion of cha rac t e r i s t i c  r igidi ty  R o  and geomagnet ic  cut-off 
r igidity,  a re  in  ag reemen t  with the  avai lable  observa t ions  within 
the  l imi t s  of experimental  e r r o r s .  

Calculations w e r e  made  f o r  

The spec t rum of s o l a r  protons was  a s s u m e d  to be  

The  angular  d i s t r ibu t ion  is 
apprsx imate ly  descr ibed  by t h e  dependence of N cos 2 Q 

5. EFFECT O F  SOLAR COSMIC RAYS ON ATMOSPHERE 

5.1 Absorpt ion of s h o r t  r ad io  waves.  Many indi rec t  
methods  have been developed recent ly  f o r  t h e  m e a s u r e m e n t  of 
s o l a r  cosmic  rays .  
t ion of the following effects caused  by the  in te rac t ion  of t h e s e  
par t ic les  in  the Ea r th ' s  iofiosphere: (1) absorp t ion  of c o s m i c  r a d i o .  
noises;  (2) sca t te r ing  of s h o r t  radio waves ;  (3)  obse rva t ion  of 
minimum ref lect ion f requencies  fmin; (4) ver t i ca l  sounding of 
the  ionosphere;  (5) propagation of s h o r t  r a d i o  waves frcjm satel- 
l i t e s  and spaceships  to the  E a r t h ;  (6) diffusion a u r o r a  in polar  
caps ;  (7) effect of y- rays  in the a tmosphe re ,  etc. 

These  methods mainly involve the  o b s e r v a -  
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It may  be appropr i a t e  to ment ion in th i s  connect ion tha t  
the exis tence of a c l o s e  re la t ionship  between ionosphere  pheno- 
mena  and s o l a r  cosmic  r a y s  prompted  many r e s e a r c h  w o r k e r s  
to  have a c lose  look aga in  of the avai lable  geophysical da t a  of 
e a r l i e r  yea r s .  
the da ta  on the propagation of rad io  waves and the  r e s u l t s  of 
cosmic  r a y s  r eco rded  by shielded ionization chamber  at Chel ten-  
ham, Zi rck ler  [?I a r r i v e d  at t h e  conclusion tha t  cosmic  r a y s  
genera ted  by the  chromospher ic  flare cf September  9 *  1937 
reached  the  E a r t h  between 1200-1230 UT.  

I n  par t icu lar ,  o n  the  bas i s  of a s tudy made  with 

F r o m  a study of the  data o n  the  ve r t i ca l  sounding of t he  
ionosphere a t  high-lati tude s ta t ions before  1956, Swestka [9O] 
detected 47 m o s t  probable  cases of polar  cap  abso rp t ion  events  
during 1938-55. T h e  compar i son  of the ver t ica l  incidence re-  
cordings with those  of the absorp t ion  effects  dur ing  t h e  per iod 
1956-59 resu l ted  i n  a uniform and  complex d is t r ibu t ion  events  
during the  whole sepa ra t ion  of s t rong  absorp t ion  events  during 
the whole per iod 1938-63. On t h e  basis of the above results, 
absorp t ion  effects a re  predic ted  - about 10 in  1966 and 25 in  
2967-68. Moreover ,  30% of these  phenomena m u s t  b e  s t rong .  

Interest ing r i o m e t r i c  da ta  at 30 MHz w e r e  obtained by 
Goedke and Masley 183 i n  196L-63 at McMurdo (Antarct ica) .  Two, 
c a s e s  of confirmed absorp t ion  event i n  t h e  polar  c a p  w e r e  noticed 
i n  1962. T h e  first abso rp t ion  s t a r t e d  at 0700 U T  on F e b r u a r y  22, 
1962; it continued for a l m o s t  t he  whole of the  next day  attaining 
max imum of - 0.7 db  
event was  a l s o  r e c o r d e d  at high nor thern  la t i tudes (in par t icu lar ,  
at Thule, Greenland) .  
observed  with a sudden commencement  at 0220 UTon  F e b r u a r y  
22, 1362. It was  supposed tha t  t h e s e  effects w e r e  caused  by two 
o r  t h r e e  c l a s s  2 flares which w e r e  observed  at the  e a s t e r n  l i m b  
of the  Sun  between 1200 and  2200 UT o n  F e b r u a r y  19, 1962. 
During the per iod f r o m  1500 UT o n F e b r u a r y  20, 1962 and  ending 
at 2100 UT on  the next day, Zmuda et al. [3 r e c o r d e d  t h e  solar 
protons having f lux intensity 1-70-100 cm-! sec- ;  s t e r a d ”  i n  
the energy  r a n g e  1 S & k  I. 15 Mev with t h e  help of t he  satellite 
“Injun-1”. 
the f lare of class 2 with hel iocoordinates  02ON, 7loW r e c o r d e d  
at 1645 UT on October 23, 1962. 

at 1600 U T  and ending at 2300 UT. This  

Simultaneously,  magnet ic  storm was  

The  second c a s e  of absorp t ion  in  1962 was  caused  by 

In th i s  case, r a d i o  emis s ion  
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of type IV was observed between 1656 and l813 UT, The 
tifme difference betaen the s tar t  of the chromospheric flare 
and the beginning 
minutes. 'The absorption started at 1730 UT on October 23, 
1962, attained a maximum of - 1.1 db at about 0020 U T  
and ended at 1000 UT the next day. The intensity of protons 
i n  the energy range 
cm-?  sac-: sterad' . Simultaneously, a n  increase i n  the 
intensity of protons in the interplanetary space was observed 
by Van AUen e t  al. 
[l .23] on "Explorer-1 2" . The absprption of - 0.6 db. on 
February 9, 1963 also coincided with the sudden commencement 
of the eeomagnetic storm. 
t o  aclass 2 flare that occurred at 2219 UT on February 6,  
1963 with heliocoordinates 17OS, 08 W. 
observed on the satellite "Alouett simultaneously with the 
absorption of radio waves. A similar case was observed 
on April 15, 1963 with an amplitude 
on "Injun-1" satellite recorded at the same time an increase in 
the f lux  of solar  cosmic rays. 

of the absorption was of the order  of 45 

= 0. 5 - 10 Mev and 400 particles 
1 

[9] on "Mariner-2" and by Bryant et al. 

This event is most probably related 

Solar protons were 

0.9 db and the equipment 

*In September 1963, Madley et  al. [ lo ]  me'asured polar 
absorptions at magnetoconjugate points, McMurdo (Antarctica) 
and Shepherd (Canada) using two identical riometelcs at 30 MHz. 
These stations a r e  situated within the limits of polar caps 
and aFe both displaced towards geomagnetic poles with respect 
to  the zones of polar aurora which provided reliable recording 
on propagation of so la r  particles. September 10, 1963, 
the central  meridiPn of the Sun was traversed by the actixe 
region which was responsible for a number of flares, outbur'sts 
of solar cosmic rays,  suddenly-commencing magnetic s torms 
and Forbush decreases. Increased absorption was observed 
from September 15  to September 29, 1963. Two more  powerful 
absorption events (of amplitude /v 3 db) overlapped the periods 
f rom 21st to  24th and from 26th t o  29th September 1963. The 
conditions of the experiments enabled us t o  directly compare the 
day /night effects in the ionospheric absorption since when the 
ionosphere over the station came under the shadow c) 
the other station came out of the Shadow and both the 
were simultaneously illumimated by the Sun for a f e ~  

1 
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Masley and Goedeke [l1] observed that the riometers at 3 0  
MHz and 50 MHz installed at the above-mentioned stations 
recorded in all, 12 cases  of the begtnning of solar  cosmic 
rays. 
the Sun are described in [I  1) .  
between beginning the absorption and a r  phenomen 

Each of these cases  and the consequent phenomen 
It follsws from the t ime t 

bad an energy of = X Q - 3 C  Xev (in 
opagation). In tho asec  where  the f la re  

oL-curred at the western part  of the solas disk,, the t ime lag 

lag was more 
The effective 
disk was,  to some extent. more than the effect-iveness of f lares  
in tne eastern part .  The maximum intensity of protons with 

cm-? see-! sterad" ~ 

E than 90 minutes whereas for 5 0 %  2d &e cases ,  the t ime 
99 minutes during rn mum. B olar  activity. 

part of the solar of f lares  i n  the west 

1 7 0.5 M e v  was 10-7000 

Gillmor [ I  21 has studie 
at magnetoc onjugate 
Longyearbyen (Spits np Arctic), During 1961, five 
absorption periods were Teco-.ded at Mirnyy. 
cases with amplitude of 0.3 db and three fourt with amplitude 
of one db,recorded at Mirnyy,were accompan d by consi$erable 
absorption effects at Spitsbergen, - Considering that frequency 
of' events at Mirnyy was - 0.08 hour m1 it is high1 
ble that the above-mentio ed relation is c 
investigation showed "cat n spite of the ge 
between absorption cases, a Proper correlation between detail 
of the events - shape and amplitude - is not always observed. 
The absorption curve 
simuftane ously illum ateid by the Sun (July 12-16, 1961) and 
a large difference w observed at other times. Similar 
results were obtained during the other 
and this convincingly proves that the €1 
conjugate points were equal. 

rnyy (Antarctic a) 

About half "e.e 

were similar when both the stations were 

An increase in the 
facilitates bet ter  detecti 
in the upper layers  of the 
described a new method Q 

lower ionosphere 
probing of the ion 
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of 2 . 3  megacycleslsec. 
solar protons having an amplitude much l e s s  than that required 
by less sensitive riometers. Moreover, the new method helps 
in obtaining information about the height at which the electron 
density changes. Measurements taken by this method in 1960 
at the geomagnetic latitude of 79OS detected 37 cases  of solar 
proton events, 
one year was not less  than 167 days. 

allows us to understand the peculiaritks of chromospheric flares! 
In particular, it is important to decide whether there exist@ 
a sharp division of flares into proton flares and usual f lares 
or  whether there is a gradual transition from powerful proton 
flares accompa 
relativistic particles, t o  medium and weak f lar  
to  hardly noticeable increase in the minimum r 
frequency (fmin) at high geomagnetic latitudes and finally to 
flares for  which no effects, a r e  observed in the polar ionosphere, 

ith this objective, A .  S. Dvoryashin [ 141 thopoughly analyzed 
the ionospheric data of many stations of northern and southern 
polar caps during the period between the International Gedphysi- 
cal Year (IGY) and the International Geophysical Cooperation 
(IGC). A number of small increases i n  fmino connected with 
weak proton flares,  were observed. The flares werei  
by considering the nature of the outburst of radio emi 
was considered that simultaneous appearance of a n  outburst of 
radio emission of type IV is the main criterion for the occurre 
of a proton flare. 

It helps in recording the flares of 

The total duration of all of these events duriwg 

The analysis of ionospheric effects due to solar protons 

ed by the generation of a large number of 

As a result of the study of a large number of solar 
flares and the ionospheric parameter fmin i n  the polar capI 
Dvoryashin [14] concluded that there w a s  no clear boundary 
between proton and optical f lares.  This conc lus i~n  
from the analysis of outbursts of radio emission. 

Letfus and Nestorov [15] studied the effect of the f l  
of protons due to 
D layer. A good c 
phere absorptions at 27 and 14 k 
the protons. 
D*layer due to sol 

, 1960 solar f lare on the ionization in 
lation wa5 found to  exist beween i m o  

It was explained [ 
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mainly by the propagation of protons along magnetic lines of 
force of the spiral-shaped -_ interplanetary - field. 

I. N. Odintsova [16] h a d e  interesting investigations on the 
ionos&eric effects i n  E and D layers during the  chromospheric 
flare events of c lass  2 and 3 during the IGY. 
dependence of geoactive flares,  which gave r i se  to  ionosphere 
effects in E and D layers,  on their positions on the Sun’s 
d isk  and time of the day. It was found that f lares during 13-15 
hours local time are most effective in producing ionosphere 
effects. The dependence of the effectiveness of flares on their 
position on the Sun’s disk was not detected. Time dependence 
between beginning of the optical flare in H, and the beginning 
of effect in E and D l aye r s  was also stud-kd. It was observed 
that the effect k 3 3  region was observed simultaneously with 
the optical f lare whereas the effect in the D layer started some- 
what later. However, there are number of cases when the 
effect i n  E region s tar ts  before the start of the HQflare. 
time difference between comm’encement of the effects in D 
layer and the E layer is of the order of a Sew’ minutes. [16]. 
In order  to explain this time difference, it has been assumed 
that the soft roentgen {X-ray) radiation of the flarey, which is 
responsible for the effect in  E layer, originates much earlier 
than the hard radiation that affects the D,layar, %ently, . . -  

a number of authors showed that an increase in the’electran 
density in the F2 layer is also observed during some flares.  
Following a r e  such flares: November 19, 1949; February 
23, 1956; July 10, 1959; November 12, 15 and 20, 1960; 
July 11, 12, 18 and 21, 1961. Al l  these flares were accompanied 
by a n  increase in  the’intensity of cosmic rays at the sea level 
or in the stratosphere. - 

He studied the 

The 

On the other hand, Knecht and Davies [17] have suggested 
that the effects-in F 2  layer, +just  like 4&se in  E and D layers, 
are caused aot by cosmic rays but, obviously, by unus ia i  
photon radiation originating due to flares which give rise t o  
cosmic rays. In this connection, I. N. Odintsova [ 181 analysed 
five additional cases of the effects in F2 layer  during the 
chrornosopheric f lares  of class 3 and 3t that were observed on 
September 21, 1957; March 3, 23, and 5, 1958.and on August 
22, 1958. The comparison with the data given by A.S. 
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Dvoryashin et al. [193 showed that only three of these cases ,  
namely those observed on September 21, 1957, March 23, 1958 
and on August 22, 1958, were accompanied by the propagation 
of fast proton with 
thus caused polar cap absorption of radio waves. 

Et,  = 10-100 Mev t o  the polar cap and 

Analysis of data on the minimum reflection frequency 
obtained at three high-lztitude stations (Hayes Peninsula, 
Resolute and Cape Hallet) by L.S. Levitskii [20] during 1963 
revealed 9 distinc' 
it was possible t o  related 8 of these cases  unambiguously 
to chromorpheric flares observed on April 15 at 1034 UT 
(class 2, flare), May 1, at 0525 UT (class 2 f l a re ) ,  August 6 
at 0855 UT (class 2 flare),  August 9 at 2234 UT (class 1 f lare)  
September 1 5 a t  0015 UT (class 2 f lare) ,  September 16 at 
1300 U T  (class 2 flare), September 20 at 2314 UT (class 2 flare) 
and on September 26 at 0638 U T  (class 3 flare). A l l  these 
flares were accompanied by outbursts of radio emission in 
a wide range of frequencies half of which belong t o  type Iv out- 
bursts. 
on April 15 and on September 1963 was a l so  confirmed from the 
riometer data magnetoconjugate points McMurdo (Antarctica) 
and Shepherad (Canada) (see [81], ( l o ]  i n d  [21]). 

i s e s  of increase in f  in.. Morevoer, 

Invasion of solar protons in the polar ionosphere 

Wilson and N e h r a  [221 have observed that only those so l a r  
f lares which a re  accompanied by absorption of short  radio 
waves in D layer of the ionosphere at low latitudes give rise 
to the effect in cosmic rays. 
ed that these absorptions in the D layer  (just like other 
ionospheric effects associated with additional ionization of D- 
layer  at low latitudes 1 %re caused by thy outburst of X-rays 
of wave length A 
tov [23] by using different techniques of analysis and processing 
of data obtained during LG? and IGC l o r  flares of different 
classes, and Wlier assoeiated ionospheric effects have a l so  
confirmed the results obtained by Wiison and Nehra [22]. 'It 
w a s  shown that all the chromosopheric flares accompanied 
by significant increase in ionospheric absorption do not give 
rise to  an increase in the intensity of cosmic rays. 
of a relation between X-ray radiation of flares ( 2 6 8 #A,  
h 3  2 1. 5 kev) and relativistic part  of the spectrum of solar 

Now, it has been reliably establish- 

8 'A. B. M. Vladimirskii and A. K. Pankra- 

Exisgence 
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particles ( & 31 Gev) can, in principle, be understood by 
assuming, firstly, that the X-ray radiation responsible for  
ionospheric effects is mainly due to  the retardation of super 
thermal electrons (synchrotron radiation of these electrons 
is possibly observed as  radio outbursts of type Iv) and secondly, 
that the electrons responsible for  X-ray  radiation a re  accelera- 
ted during the growth phase of the flare to same velocities 
as those of nuclei o r  their secondaries ( in  both the cases, the 
ratio of average energies of the nuclei and electrons wil l  
obviously be equal to the ratio of Lneir masses). Thus, from the 
above point ot view, the presence 01 a outburst ot X-ray 
radiation testifies to thc 
solar cosmic rays .  

'-fence of electron component of 

Important results about the relation between X-ray 
radiation and the effects of chromospheric flares in cosmic 
rays were obtained by B. M. Vladimirskii and A.K.Pankratov 
[24] by comparing the ionospheric effects to small ( -d 1%) 
increases i n  the intensity of nucleon component at - sea level. 
It was shown that; (1) s n  an average, more significant 
increases in cosmic rays at sea level correspond to  stronger 
effects in the D layer of the ionosphere; ( 2 )  the appearance 
of inareased absorption in D layer, which is due to  the b6am of 
X-ray radiation of a 8 -3, is the necessary but mal; sufficient 
condition for the origin of a small effect in  cosmic rays at sea 
level. 

. 

A. S. Dvoryashin [25] considered the peculiarities of 
X-ray radiation due to  proton flares. 
investigation of time variations of ionospheric effects correspond- 
ing to the proton flares.  
spectrum of the X-ray radiation 
a number of f lares  
during the retardation of high-energy protons in the dense 
layers of the chromosphere (unstable radiation). It is interesting 
t o  mention that emission of X-ray radiation from the active 
region of the Sun has been observed [25] f o r  a number of powerful 
f lares  only after the brightening of the flare in the €3, has 
been practically reduced. Obviously, this radiation is stable 
and has its source on plasma, existing in thecoronal condensa- 
tions. 

His study is based on the 

The increase i n  the hardness of the 
been established for 

This radiation most probably originates 

Moreover,-%e extension of the brightening in Ha to the 
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spot o r  penumbra of the spot at the time of maximum of the 
flare points out the fact that the mechanism which excites 
the brightening i n  Ha, is situated i n  the magnetic field. 
the outburst of centimeter radio emission which is 
due to synchrotron radiation of electrons, attains maximum 
at the same t ime ,  the transient process leading to  the 
acceleration of particles and heating of the plasma, is also 
believed to be localized in the magnetic fields. 

Since 

Recently, Wilson and Nehra [26] detected a small  increase 
in neutron component at the Su l fu r  station (geomagnetic 
latitude 5 8 O  N )  and not so reliably, at the Resolute 
station (83O N). 
solar f lares accompanied by absorption of short radio waves 
known as short wave fade-outs (swf). Some of the fade-outs 
a r e  also accompanied by another effect known as the so-called 
geomagnetic crochet which is due to the increase of electron 
density in the ionosphere. 
sudden change in geomagnetic field corresponding to  the increase 
of currents in  the lower ionosphere. Since flares of cosmic rays 
and geomagnetic crochets are correlated to fade-outs, it is 
important to explain if there exists any specific relation 
between them. Warwick's calculations 1271 show that at Sdfur  
station, cosmic r a y s  flare which also produce the crochets, 
should have an amplitude of 0.06 9'0 whereas observations show 
it to  b e  0 . 2 - 0 . 3 % .  On the other hand, it is known that small 
outbursts of cosmic rays are usually revealed during the 
statistical analysis of the ionospheric effects of a large number 
of solar flares. If the increase is caused only by the effect 
of crochet, the calculated amplitude must be more than the 
observed one. 
some flares a r e  accompanied by fade-outs and not by geomagnetic 
crochets. Thus, it is less  probable that the increase observed 
at  Sulfur station can be fully explained by the effect of geomagne- 
tic crochet. 
significant and it cannot be neglected while analyzing small 
increasis in the intensity of cosmic rays. 

These increases were caused by powerful 

This effect is  caused due to  the 
' 

Otherwise , it is daficult t o  explain the fact that 

Even then, the effect of the crochet is very 

Similar conclusions were drawn in the same work [26] 
from the results of statistical analysis of solar f lares of c lass  
3 2 observed during 1959-60. During this period, 85 flares 
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accompanied by fade-outs were recorded. and 60%" O'f these 
flares were observed during the time when it was night a t  Sulfur 
station, 
fade-outs is related to the effect of magnetic crochet which 
however can only be observed during day time. 
mentioned ear l ie r  in [26] 
rate of neutron monitor a t  Sulfur station must have an amplitude 
of approximately 2% SO that it may be possible to  explain the 
0.25% increase in the intensity of n-ucleon component as 
mentioned by the authors in [22]. However, due to  certain 
reasons, it is assumed in [26] that the effect of crochet has 
a value less  than the amplitude of the increase in nucleon 
component, mentioned in [22], by two orders .  
scales of the effect of the crcschet are considerably less than 
the duration-of the increase to  the maximum value of the 
intensity d7 cosmic rays. Thus, the increase in the intensity 
of cosmic rays can obviously be explained by the propagation of 
the so la r  particles to  the Earth without giving rise t o  the 
magnetic crochet effect. However, the effiect of geomagnetic 
crochet on neutron component is not eliminated during years 
of minimum solar activity and may be detected from the data 
recorded b y  supermonitors. 

-- __ 

It was shown that one out of every three short  wave 
.-1 . 

Thus as 
the effect of crochet on the counting 

Moreover, time 

The relation betweep so lar  flares and g e o m a g h i c  
In al l ,  29 cases crochets was also studied by Pinter  [28]. 

of the occurrence of the crochet during 1964-65 were studied. 
Two maxima in the frequency of the Occurrence of this effect 
(1957 andlT60) were also observed. It was shown that the geo- 
magnetic crochets that a r e  reTated t o  powerful proton f lares  are 
observed at stations separated by 4 5-6 hours with respect t o  
%he subsolar point. 
confirmed that solar X-ray'radiation which has,an effect o n  the 
mechanism of producing crochet reaches the D layer. 

As a result of the analysis fZS], it was 

- -  
A large amount of data on absorptioh in the polar cap 

Juring the year 1952-63 were analysed by Dodson and Hedeman 
[29] in order to  understankkthe periodicity of these events and 

he average period Qf rotation of the Sun ( N  27.3 
oon ( - 29.5 days) . In the la t ter  case,  a elear 

deviation f rom the arbi t rary distributian was observed. 
still not clear whether the observed 29:5 day effect is 

It is 
1 - 
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related to the Sun and the Moon or  is only a statistical random- 
ness. 

Van Allen et a1 [3O] studied the relation between the 
absolute flux of solar protons and the amplitude of polar 
absorptions. Eight different cases of increase i n  the flux 
of solar particles during 1960 were studied. The investigation 
was made with the data obtained by the satellite "Expldrer-7" 
which measured the tofal intensity of particles I 

= 3O'Mev fo r  protons and 120 Mev for  P -particlep. 
Data on simultaneous riometric measurements of the absorption 
amplitude A of cosmic radio noise at a frequency of 27. 6 
MHz at Thufe and College stations were used for comparison 
purposes. Values of A /Io1 r2  and I o / A o  = H,were calculated 
'as functions of kinetic energy fo r  monoenergy protons and 
a-particles separately. It w a s  shown that various narrow 
ranges of the values of experimental parameter H* can 
correspond to three different possibilities: atmospheric 

( 7 6, 1, 
a 

by particles having energies 1) 
k .  For  the different cases,  the observ- 

ed values of H;: change from 40 to 4 l o s 2  db-2 cm-2 s e c - l e  
During a given eventr HJ, either remains constant o r  decreases 
(sometimes considerably). 
tions a r e  mainly caused by the complex bea 
energy & k i  30 Mev and a-particles with 
independently by beams of these particles having the same 
energy. F o r  a given event, the shape of the spectrum f o r  the 
given values of the energy changes considerably for  different 
cases and has a tendencxto remain the same or become steeper 
with the passage of time*"). 

It follows f rom [30] that polar a b s o r p  

In the translated collection edited by Y a .  I. Fel'dshtein 
[31], there#are 11 a r t k l e s  describing the sdt of geophysical 
phenomena related to  ionospheric p o k r  cap absorption (PCA]. 

A number of important results o n  the nature of propaga- 
tion and accumulation of high-energy solar particles in  the 

"I By analyziflg minimum reflection frequencies Ifmin), da 
nnd mngncloineters during some proton flares for n mmber 
situatad at geomagnetic latiludes of 50-700, Ltchtenstein 
thc moments of commencement of the pheno?nena change 
nyhilmry manner. It is so owing to dijferent times of P I  
groups of fiarf k les  haviqq different energies. 

-___- 
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interplanetary space and the effect of the EarthPs geomagnetic 
field o n  the motion of these particles have been obtained by 
Leinbach 1321 in his voluminous work, which was based on  the 
a n a l y s i s  of data obtained b y  riometer on time variations of 
polar cap absorptions. 
observations obtained at some stations at  a frequency OC 
27.6  MHz during the years 1958-62 Hargreaves et a1,[34] 
using the riometer data on 26. 5 MHz at the South Pole during 
the period December 1962- April 1964, studied the events 
of auroral  absqrptions which a r e  most-clearly observed during 
00.00-0300 and 140'0-1500 U T  which correspond to  N 1 0  and 
21 hours local geomagnetic time. 

Holt 1331 analyzed the data of riornetric 

Peculiarities of auroral  absorptions at the South Pole, 
observed in [34] during day  and night hours of local geomagnetic 
time, a re  explained by the change in the  characteristics of high- 
energy particles invading the ionosphere. 

From a study of riometric data obtained during 1961 -63 
at some stations at Alaska, Parthasarthy and Berkey [35] 
attempted t o  explain the morphological peculiarities of suddenly- 
commencing absorption (absorption of the type F). A study of 
the seasonal and daily variations in the number of absorptions 
of this type has been made. The maximum number-of absorptions 
is  observed during the autumnal equinox and the minimum 
number before the vernal equinox; a daily maximum is observed 
at midnight. The amplitude distribution of the number of type 
F absorptions has also been obtained. The decrease of cosmic 
noise by 1.5-2 db is observed most often. An analysis of type 
F absorptions at different frequencies in the range 5-50 MHz ha8 
also been made with a view to study the electron concentration 
at different altitudes in the lower ionosphere. It has been 
concluded that the energy of the corrraponding primary particles, 
during the absorption t ime is by a few orders more than that 
of particles giving rise to aurora,  

Hakurq [36] calculated the corrected geomagnetic coordi- 
nates of 100 high-latitude ionsopheric stations by considering 
higher harmonics of dipolar ser ies .  Two typical cases of polar 
cap absorption observed during February 10-12, 1958 and 
May 6-8, 1960 wkre analyzed with the help of these coordinates. 
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Blackout isolines, having oval shape in the system of coordinates 
related t o  central dipole, became absolutely circular  in the 
corrected system and that made it possible to  unambiguously 
define cut-off latitude of the solar particles giving r ise  to  
the absorption. 
latitude distribution of solar particles obtained from satellite 
da_ta, 

This latitude is well in conformity with the 

On the basis of numerqus- data obtained during May 
1957 and May 1960, a n  attempt has been made inG.  M. 
Khocholava's works [37, 381 to ascertain the factors that define 
the distribution of the two types of abnormal polar cap absorption - -  simultaneous andxradual - -  as suggested bv many authors. 

elay between the beginning of a chromospheric flare and 
In the case of the first  type of absorption, there will be small 

simultaneous extension of absorption to  the whole of the polar 
cap whereas in tkeca8e of second type the absorption s ta r t s  
a t  one o r  a few stations and gradually covers whole of the polar 
cap but the absorption at the initial stages (sometimes even 
during the first 10-15 hours) is complete (only the level of 

As aresult  of the 
detailed analysis, it  is Ghownin 137,381 that, for differentiating 
t,ht two types of absorptions, bT = 10 hours should be considered 
as the limiting value of the time lag of arriving particles 
with respect to a solar flare. 
of the flares giving r i s e  to abnormal absorption but-the dimen- 
sions of the magnetic t r ap  of the corpuscular b e a m k t h e  deciding 
factor. 
intensity of the magnetic field of the t r ap  Ht {gamma) can be 
described as AT = 1.28 exp (0.4 Ht). 
cient for the values of AT and magnetic field oythe t r ap  is 
equal to 0.92. 

~ rn-inimum reflectionfrequency is raised). - _ _  - - 

Here, it is not the heliolongitude 

The dependence of the time lag A T (hours) on the 

The correlation coeffi- 

The relation of polar absorptions with the nature of tt,, 
interplanetary magnetic .field and Forbush d e c z e s e  in the 
intensity of cosmic rays is considered by a number of authors. 

Haurwitz et al. [39] studied the depende 
distribuiion of polar cap absorption and Forbush effects on the 
heliographic longitude of the corresponding f la5s . -  Large 
increase i n  absorpt-ion during the period of sudden Commence- 

- 
- 
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mentdif93temagnetic storm and strong Forbush effects a r e  
caused almost exclusively by eastern and central f lares.  I n  
this connection, it has been assumed that plasma, moving from 
flares has a deciding role i n  giving rise to the asymmetries 
in the interplanetary magnetic field with r e spwt  to  the Sun- 
Earth line. It is s h w n  that this asymmetry arises as a result 
of the interaction between widening solar plasma and quiet 
spiral-shaped magnetic field. Obviously, this asymmetry 
is the main cause of the difference between the phenomena in the 
polar cap and Forbush effects relamd-to eastern and western 
flares. 

Swestka [40], verified and critically selected Case8 
of radio outbursts of type IV and polar absorptions and 
compared them with %orbush effects observed during 1956-63. 
A clear predominance of flares of the western hemisphere of 
the Sun for  the cases producing intense absorptions and of 
eaistern hemisphere for  strong Forbush effects is observed. 
This result indicates the asymmetrical distribution of magnetic 
field in the cloud of ejected particles and the presence of a 
clear magnetic boundary on the west. 

Gosling [41] observed that absorptions after th-e sudden 
commencement of the s torm a r e  accompanied by l!?o#$xsh effects 
considerably stronger than the absorptions before th6 storms. It 
follows from this that corpuscular beams in the f i rs t  case  
carried strong magnetic fields with traps of solar eosrnie 
rays. Moreover, the delay in the commencement of the 
storm with respect t o  the flare in the first case is significantly 
less than that in the second case. 

The relation between the peculiarities of propagatian of 
solar cosmic rays and characteristics of geomagnetic storms 
is analyzed tn i number of wprks. In particular, Yoshida 
and Akasofu 1421 considered the dependence of the characteris- 
tics of storms of cosmic rays (Forbush decrease) and 
geomagnetic s torms (K and D,, )I on the distance from the 
central meridian of the correspbnding solar  flares . 
a r e  grouped together according to  the characteristics of 
preceding solar particle flares.  
"center-edge" effect can be obwcmted olaly by grouping the 

P 
The s torms 

It may be mentioned that the 
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storm in this way. By considering this effect, it was shown 
that solar flares , which were related to an unusual increase 
in the intensity of cosmic rays, contain the most energetic solar  
particles, impart maximum amount of anergy to magnetic 
storms and give rise to  the strongest parbush effects. 

Bhargava and Subrahmanyan [43]  studied the relation 
between amplitudes of sudden geomagnetic s torm commencements 
and the other associated characteristics of solar f lares such 
as  radio and optical radiation, energy of generated particles. 
It was shown that all the cases of sudden commencement with 
amplitude more than some threshold minimum at a given 
mid-latitude station, were related to the events of the 
appearance of solar cosmic rays. The dependence of the timp 
of propagation of plasma, giving r ise  to  the magnetic storm, 
on the position of flare on the Sun's d i sk  is also studied. The 
question of: the increase in the amplitude of sudden commence- 
ment i n  equatorial regions is considered as well. The ampli- 
tude characteristics of the sudden commencement events 
have been used for identifying about 50 cases of the origin of 
solar cosmic rays during the cycles No. 12-1 8 of solar activity. 

Keppler [MI studied the effec!@ which sometimes pre-  
cede the sudden com-mencement (sc) of the geomagnetic 
disturbance. 
before the July 13, 1961 SC, arising as  a result of the July 
12 solar f lare,  are  analyzed in detail. 
X - r a y  radiation ( E x  $ 100 kev) which started aboutr t b e e  
hours ,before SC was observed. T,he inte-nsity of G r a y  
radiation before the SC increased up to  80 photon.crn'Zsec)- 
stepad-1 and at the tikne of SC, it abruptly increased to  lo3  
photonacm-2.secn1. sterad'l. The increase in the flux of 
X-ray radiation before the SC is explained as due to the 
emission of radiation caused by retardation of electrons having 
an energy of a-fsw kev; flux of such electrons must be of the 
order of 109-1010 electron.crn"Z sec"' 
observations also showed a gradual increase in the f lux of 

* protons with an energy of a few Mev before the SC. 
SC , the flux of these protons suddenly decreased, increased 
very quickly to a still higher value and then gradul ly  decreased 
to  the normal level. 

In particular, the data obtziined at-Kkruna station 

A gradual increase in 

An analysii of the 

Af ter  the 

It was assumed that the high-energy 
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electrons, which gave r ise  t o  the increase in the flux of X - r a y  
radiation and protons, appeared in  the interplanetary space as 
a result of the acceleration between standing shock wave front 
before magnftosphere and the moving shock wave front which 
appeared at the front edge of the plasma cloud which was 
ejected out of the region of the flare.  
f i rs t  put forward by Axford and Reid [l.  621 and la te r  confirmed 
by  observation. For  explaining the proton effects after the sc, 
it was assumed that protons with energy of a few Mev exist 
in the plasma cloud itself. Diffusion of thc s e  protons f rom the 
cloud contributes most to the proton flux after the sudden 
commencement of a - geomagnetic disturbance. 

This assumption, was 

Obviously, the magnitude of the absorption e fkc t s  should 
considerably depend on the spectrum and composition of the 
solar cosmic rays. 
dependence is studisd. 

Let us review some of the works where thi: 

Velinov [45] obtained a formula for electyon density 
due to cosmic r a y s  at a height “in the lower ionosphere but 
his f o r m d a  is applicable only to particles with k >  3 - 4  Gev/ 
nucleon. However, particles even with l e s s  energy penetrate to 
geomagnetic latitudes 7 55O. Moreover, Che’cut-oft rigidity 
may be reduced during disturbances (for example, in the case 
of chromospheric flares accompanied by ejection of particles 
and by geomagnetic s torms)  and in such cases ,  particles,  
with energy considerably less than 3 Gev will propagate to  
medium latitudes. These particles intensify ionization even at  
medium latitudes. In this connection, Velinov [45] suggested 
another more general formula for  arbitrary index of the spec- . 
t rum of cosmic rays which is applicable within a wide range 
of energies (also of solar  protons). The lower limit of the 
applicability of the formula is limited energies of the order 
of a few kev when other ionization mechanisms s ta r t  playing 
the leading role. 

According to  F r e i e r  and Webber [III. 61, the rigidity 
spectrum of the solar particles in the energy range f rom a few 
kev to a few MeV can be expressed as D ( R ) -  exp ( -R/Ro)  where 
rigidity characteristic Ro changes f rom 0. 03 to  0.*2 Gv. 
particular, the mathematically simple form oY €ht, ppectrum# 

In 
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applicable within a wide - range of energies, facilitates quantitative 
analysis 01 ivnospberic effects of s o l a r  cosmic rays. 
example, in another work of F r e i e r  and W-bber [46], the 
observed electron density profiles in the bnosphere were 
compared with the profiles calculated from the data of balloon 
measurements on cosmic rays.  Ionospheric measurements 
were conducted at geomagnetic latitudes of 70° with the help 
of riometer which records the absorption of the radio waves 
of frequency 30 MHz. 
basis of ionospheric parameters and on the basis of exponential 
rigidity spectra [III. 61 a r  ell  in agreement with the measured 
prOfileE. In the case of ain f lares ,  application of Kane's 
1471 collision frequencie in the ionosphere along with the 
expected electron densities gives absorption values less  than 
the observed ones. Obviously, this difference is explained by 
the role played by solar a-particles. The events of May 
10-12, 1959, July 10-17, 1959,September 3 ,  1960, November 
12-17, 1960 and of July 18-20 , 1961 a re  analyzed in detail. 

F o r  

Electron densities predicted on the 

F o r  estimating the relative role of the solar o( -particles 
in producing polar absorption, Weir and Brown E481 a lso  made 
use of exponential rigidity spectrum [III. 61 for  a number of 
strong absorption events. In order to get absolute ValUeE of 
ionospheric parameters, computations were made on the bsia 
of experimental data on flux, spectrum and relative composition 
of solar  cosmic rays. 
their density and specific absorption versus height were calcula- 
ted for  a beam of stylar particles containing equal amounts of 
protons and. d -particles (p: & =I)  for a, station with cut-off 
rigidity Rm,in = 470 MeV. 
o( -particles at the ratio p: ~4 =I. give rise t o  about 7 5 %  of the 

ionospheric absorption. 
h >, 50 km, the rate of formation of electrons as a function of 
altitude is less  by about one order in the case of purely 
proton beam than that fir a beam of only 

The rate  of formation of electrons, 

- _  . _ -  - _ _  

The results obtained show that 

Commencing from a n  altitude 

"particles. 

As mentioned by B r  [49] , the assumption of an 
exponential form of rigidity spectrum for  so la r  particles,  to a 
great extent, eliminates the difficulties involved in  the cxplanae 
tion of latitudinal effect of polar absorptions. 
question of the magnitude of absorption remains unsolved 

Howaver, the 

__ 
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especially for  magnetically quiet days. This is because the 
model of ring currents, suggested by Kellog and Winckler 
[I. 661 for  a magnetic storm, is not suitable for explaining , 
small  local cut-off rigiaities. This drawback can apparently be 
compensated by considering the role of the solar d -particles 
in the ionization process of the upper atmosphere. 
of Weir and Brown [48] showed that a considerable fraction 
of absorption can actually be explained by solar  O(-particles. 
However, this result is obtain-ed by extrapolating the rigidity 
spectrum of protons and UC -particles to  the regions where the 
rigidities a r e  lower than those accessible to  measurements. 

Computation 

In the absence of additonal data on solar cosmic rays 
in the region of low rigidities, it is interesting to  consider 
other effects in addition to  ionospheric absorption fo r  explaining 
the validity of this extrapolation. 
to  the fact that absorption calculations must take into account 
certain processes (ionization, recombination and absorption) 
each of which has its own uncertainities. 
possibilities i n  this direction help i n  observing photon emission 
in the atmosphere during solar f lares.  

It is al l  the more desirable due 

Some of'the new 

5 . 2  Polar-glow aurora.  With  the aid of: spectrographic 
observaeions at high geomagnetic Latitudes during powerful 
f lares of solar cosmic says, Sandford [so, 511 showed that the 
bombardment of polar atnpqsphere is a c c o q a n i e d  by weak 
optical illumination (the so-called polar-glow aurora) who8 e 
intensity is sometimes comparable to the intensity of Milky 
Way. The maximum intensity of this radiation is observed at 
a height of about 65 km. 
attributed to one of the negative transitions in the ionized nitro- 
gen molt ule N2 t (for example, the transition with wave-length 
of 3914 f ). This effect has extremely .slow t ime variations 
similar to the variations i n  the absorption of cosmic radio 
noise in the polar cap. The intensity of the radiaion is a direct 
measure of the energy carried by solar  particles to  the atmos- 
phe re. 

The polar-glow aurora is usually 

B ~ o w n  [52]  calculated the expected intensities of 3914 it 
line on the basis of the exponential rigidity spectrum [In. 61 
and compared the obtained results with Sandford's observations 
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[SO, 511. The time variations of the radiation a r e  well in 
agreement with the calculated results whereas the observed 
intensity of the radiation is about 10 tirnes the calculated 
value. These differences a re  apparent1 related t o  the uncer- 
tainities in the spectrum of so la r  particles,to the absolute cali- 
bration of spectrograph etc. Ionization profile calculations, 
made by Brown E521 in  connection with the study of polar absorp- 
tions, show that the ionization (and excitation) processes a r e  
mainly limited to dense atmospheric layers. 
radiation due to 3914 A line a r i ses  below 100 km. 
conformity with Standford's observations [50, 511 i n  which the 
increase i n  the intensity nf twilight illumination i n  3914 4- 
line was not observed duringthe t ime  
when the atmosphere below 100 km is illuminated by the Sun. 

0 
A 
This line gives rise +o more i r regular  t ime variations as 
compared to 3914 A line but, in general, they are s imilar  at 
least before the commencement of the magnetic s to rm caused 
by the chromospheric f lare  which is responsible for the outburst 
of cosmic rays. 
5577 A 
the propagation of plasma c h i d  to the Earth. 
commencement of the storm, the intensity of 5577 f" fine 
is however 1/5 that of 3914 A' .line. 
by Standford 150, 511 on the basis of ohservations on absorption 
events during July I 95 9 .  

In particular, the 
It is i n  

of absorption events 

The presence of the forbidaln line of atomic oxygen 5577 - 
is another important characterlstic of polar-glow aurora.  

After the commenceme t of the storm, 

kJp t the* 
f 0 

line is more intense than 3914 line mainly owing t o  

This conclusion was drawn 

The number of particles coming into the atmosphere 
at  a given station depends on the local value of cut-off rigidity. 
However, since protons and at- particles with the same rigi4ity 
have diiferent absorption mean free paths in a i r ,  the degree 
of ionization (and excitation) a t  a given altitude may considerably 
change depending upon the relative conteq'pf protone and 
ol: - particles in  solar  cosmic rays. Moreover, for a given flux 
of particles the degree of ionization (and excitation) 8t a 
particular altitude will depend on the form of spectrum, namely, 
on the rigidity Ro in the exponential spectrum [III. 63 

As already mentioned, the emi sion of 3914 x line is 
caused by permi-sible transition in ionized nitrpgen molecule 
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from a state excited simultaneously with NZ ionization, SO 

that the profile of this line followed closely the ionization 
profile obtained by bombarding the Earth's atmosphere with solar 
particles. 
caused by forbidden transition 01. 
which giveE r ise  to  this radiation, is strongly disturbed due to  
collisiong in the dense layers of +he atmosphere, the profile 
of 5577 3' line is considerably shorter than the profile of 
3914 a line. 
I (3914 8- ,  = k can serve as a measure of the amount of energy 
dissipated in an extremely limited layer at  an altitude of about 
90 km. 
and form of the spectrum of so la r  particles and therefore, can  
change during the same event o r  f rom event t o  event [52]. 
According to  Brown's estimates [52], the presence of of- particles 
in the spectrum of solar cosmic r a y s  increases the ratio k and 
at  the same composition but steeper spectrum, the value of 
k also increases. 
sola2particle's during a gfven event independently leads to an 
approximately the same change in the value of k. 
beams, necessary for exciting the polar-glow aurora tQ a 
noticeable 
absorptions, for example, during May-July 1959 and November 
1960. 
expect aurora  whose intensity may be more than that of night 
sky. On the basis of the caiculations done by Brawn [52] ,  it is 
concluded that the intensity of 3914 3' line depends an the f l u x  
of energy carried by solar  cosmic r a y s  whereas 5577 x -  
radiation is much more sensitive to  the chax;ges in the composi- 
tion and rigidity Ro in the spectrum of solar  particles since this 
radiation a n s e s  as a result of some processes taking place in 
the limited atmospheric layer. 

On the other hand, the emission of 5577 8 line is 
Since the metastable state 

Thus, the ratio of intensities I (5577 2 

As shown above, this ratio depends upon the composition 

A change i n  the composition and spectrum of 

Energetic 

intensity, were observed only during powerful polar 

Inother less  intense cases,  it is hardly possible to 

5.3 GeEeration of y- radiation in the upper Laybrs of 
The y-radiation apparently originates a s  a 

Such a radiation wa- recorded for  the 

the atmosphere. 
result of nuclear reactions between solar  particles and the 
Earth's atmosphere. 
f i rs t  time on balloons by Hofmann and Winckler e533 aqd 
Keppler et al .  [54] during the middle of July, 1961. 

Winckler [53]  during July 12-14, 1961 over Churchill (68.?ON), 
During the experiments undertaken by Hofmann and 
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the recorded photons had 
higher than the energy of X-rays accompanying the pola r 
auroras.  
were apparently generated by class 3'flare at 1000 U T  on 
July 12, 1961. This was confirmed by the satellite "Injun-1" 
which recorded solar protons with € + * I .  5 Mev a t  a distance 
of about 1000 km fromthe Earth's surface. 
increased right up to  the arrival of the corpuscular beam to the 
Earth which caused a magnetic s torm with a sudden commence- 
ment a t  1112 U T  on Ju ly  13, 1961, From this it w a s  assumed i n  
[53] that there could have been weak capture of low-energy 
protons near the forefront of the bearn. 
obtained by "InjutrLl", satellite, the decrease i n  their intensity 
in the Earth's environment co-ntinued for a few days. 

8 = 20-60 kev which is significantly 

Low-energy protons responsible for y-radiation 

Their intensity 

According to the data 

According to observations made by Hofmann and 
Winckler [53], the penetration of y-rays with € 7 6 0  kev is 
similar to the penetration of photons with 6 =20-60 kev. F r o m  
this, it can be concluded that the recorded photons a r e  formed 
in nuclear reactions of law-energy protons a t  the atmospheric 
boundary and actually have a n  energy of the order of a few 
Mev and a very steep spectrum; but they lose only a n  insignifi- 
cant fraction of their energy i n  the crystal of scintillation 
counter. 

Simultaneously with the commencement of the magnetic 
storm, in addition to y-rays with e =20-60 kev, a 
significant flash of low-energy photons of duration of nearly 
6 minute3 was recorded over Churchill. These photons most 
probably represent gttardational X-ray radiation of electrons 
which is related to  s3me unknown mechanism of abnormal 
acceleration of electrons in the Earth's surroundings. The 
electron flux, necessary for  the formation of these photons, 

1 will be of the order of 109 cm'2.sec" . In order  to explain 
the recorded flash of photo= by nuclear reactions in the 
atmosphere, it is necessary to  postulate some very complicated 
acceleration mechanism, within extremely rigid limitations, 
on the behavior-of protons trapped near the dront of magnetic 
cloud which had given rise to  the geomagxretic storm. 

Balloon measurements conducted by Keppler et al. 
E541 during the same period at  Kiruna (Sweden, 65.3ON)' 
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confirm the results obtained at  Churchill. It is interesting to 
note that similar measurements a t  Minneapolis (55.1 N)  gave 
negative results. This can be expected by explaining the 
y-radiation only with the help of low-energy protons, since the 
geomagnetic field a t  Minneapolis allows the particles with 
€ + 3 4 0 0  Mev to pass under normal geomagnetic conditions. 

On the other hand, the geomagnetic threshold a t  Churchill is 
apparently of the order of only a few MeV. 

0 

An account of the basic methods and results of the inves- 
tigation on ionospheric effects of solar  cosmic rays  is gi\ren in  
Bailey's detailed review ar t ic le  [l?] in which works published 
up to January 1984 a r e  included. 

5.4 Solar cosmic rays and isotopic composition of air .  
Some amount of radioactive isotopes ('214, H3, B T  p32, 
s35,  C139 , K 40 , e t c . )  a r e  formed in the Earth 's  atmosphere 
due to nuclear reactions of cosmic rays .  Recently, Craig 
[55], Begemann and Libby E561 showed that the measured 

3 
production rate of tritium €33 wae considerably higher than that 
expected o n  the basis of the generally adopted intensity of cos-  
mic rays, 

Tn order to  explain the abnormally high c 
in the Earth38 atmosphere, Begemalng is?] suggested that , 
in addition to  nueltar reactions of normal beam of cosmic r a y s ,  
following two sources also must be considered; (11 propogation 

tritons generated at tbe Sun, and (2) additional 
itium by low-energy component of cosmic rays 

during minimum s F activity, Simpson [58] drew the attention 
to one more pawe 
carbon C14 namely, the arr ival  of so 
caused by chromospheric f lares ,  to  t 
of high latitudes. 
of powerful beam of solar prot 
average integral spectr urn ry and with total f lux  of - 104 proton em-2 see-1 

. About 30  such ev 

source of tritium H3 and radioactiv 
protons which a r e  

Earth in  the region 
Solar f lares  of class 3 and 3' a r e  a eource 

with E ,  = 80-400 MeV, 

k 

cycle of solar activity. Consi that the aver 

4 G e v  and taking 100 
rimary particles of a nor 
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production of H3 and C14 per particle of solar  cosmic rays i s  
less  than that per  particle of galactic cosmic rays by 20  times. 
On the other hand, considering that the solar protons a r e  
emitted for about 0.01 times of the total time, it can be ahown 
that the average rate of production of H3 and C ' 4  in the Earth'P 
atmosphere by solar protons can be about 3 . 5  times the rate 
of production of thrse is3topes by a normal b e a m  of cosmic rays,  
According tg the data analyzed in [ I ,  23, the spectrum of solar 
protons is stretched in the region of sufficiently low energies, 
and because of this the total flux 04 protons at the atmo 
boundary in  the region of polar caps can be even more than that 
adopted by Simpson [ 5 8 ] .  

Isotope C14 originates in the atmosphere during the 
interaction of neutrons of galactic cosmic rays with th 
atmospheric nitrogen. 
[59], the average production rate of C14 is 2. 5 atom.cm "; 
sec-' whereas the dissociation rate i s  equal to 1 
~ r n " ~ . s e c - l ~  It is assumed that the seoondary n 
produced by solar protons during strong chromospheric f la res ,  
can be the additional source of formation of Cp4. 
solas protons was computed from an analyors of fh 
spectrum and intensity during 1956-61 ; mmeover, i 
c a s e ,  the exponential spectrum of rigidity w 
analysis. The value d I /dR=2  

POP the average fliur during Idr  cycle, These data were 
used for calculating the e 
i n  the atmosphere with respect to  height and latitude. 
a value of 0.44 atom. cmm2- aec-' was obtained for t k ~ .  

of C14 in the pola 
accuracy of t l o % ,  remain onatant for cut-off rigidities 
400 M v  and la ter  on decreases to - 0 
at R 1.1 Gv. The avera 
rnately equal to 0.05 atom. 
field and it incr 
the decrease in 

According to Lingenfelter and Fl-arnm 

The role of 

(-R/125) proton.cm"&.secyl. 
Mv'l or 1 ( >loo  M;) = 4 p n, crn-2. sec"' was obtai 

ium-distribution of n ~ ~ t ~ o ~ ~  

egions. This value with an 

rays. It may be menti 
of production of C l 4  b 

limits of the error  in the det 
alaetic cosmic ra 
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14 calculations [v] that a deviation of 1-1 4 % in the content of c 
observed from year to year,  cannot be explained by the effect 
of solar cosmic rays .  

, 

Thus, f rom al l  the available information conside red 
in this Section, it is not possible to estimate the actual role of 
solar  cosmic rays in the isotopic composition of the Earth'P at- 
mosphere without undertaking additional investigations. Even 
then, some effect of solar  particles on the change in the 
isotopic composition, undoubtedly, exists. 

6 .  THE NATURE OF THE EFFECT OF SMALL FLARES 
OF COSMIC RAYS 

The relation between the observed ionospheric 
effects and small ( 4 1  '$? in  the neutron component) increases 
in the intensity of cosmic rays at  the sea  level has already 
been mentioned in Section 5. 
solar f lares do not give rise to  noticeable increase in the 
intensity of cosmic rays.  Therefore, it is  very important 
to  explain as to why the remaining so lar  f lares  generate high- 
energy particles. Some information on this problem can be 
obtained from a statistical analysis of small increases i n  the 
intensity of cosmic rays i n  relation to other helio- and geo- 
physical phenomena. 

It is known that even very powerful 

The effect of weak chromospheric f lares  on neutron 
component was studied by many authors (see the review in 
[ l .  21). However, 
completely. A large number of new papers have appeared 
recently. In particular, L. I. Dorman et al. €601 studied the 
effects of increase in neutron component for 165 chromo- 
spheric f lares  of c lass  2, 2 during the years July 1957- 
December 1958 fo r  magnetically quiet days  by the superposed 
epoch method. The analysis of the data of 23 dtations has 
revealed a n  increase in the intensity of f lares  within the l imits 
0.0-0.2%. The effects of f lares ,  accompanied by absorption 
of type III which indicated the arr ival  of low-.energy particles 
at high latitudes, were also studied. 
20 most powerful chromospheric flares--14 of class 3 and 3' 

their  results do not agree among themselves 

With this end i n  view 
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and the rest of class 2 and 2' -- were selected. The increase 
in the neutron component was found to be 2 . 5 %  fo r  medium - 
and high-latitude stations, and 1 %  for  equatorial stations. It 

m this that the low-energy as well as  the high-en 
r e  generated during flares accompanied by aBsorption 

of type III. This fact allows us to draw'a number of important 
conclusions. The appearance of type absorption indicates 
that favorable conditions exist for the generation of low-energy 
particles and also for their propagation through the interplanetary 
space to the Earth. 
particles points out to the fact  that a n  acceleration mechanism 
operates in the region of f lares  which gives r i s e  to a very steep 
spectrum. 

The small effect due to high-energy 

Investigation on the effects of weak flares in the rigid 
components of the spectrum makes it poss%ble to extend the 
spectrum of solar cosmic rays to  the high-energy regions. 
However, the problem of the nature of this effect remains 
unsolved up to this time. There a re  two different views. Accor- 
ding to  N, S. Kaminer [61] and L. I. Dorman et al. [62], the 
increase in the intensity is completely caused by meteorological 
effects whereas Maeda and Pate1 [63] and E.V. Kolomeets 
[64] consider that the generation of relativistic particles during 
chromospheric flares is the cause of this effect. fn particular, 
N. S, Kaminer [61] and L. I, Dprman et al. [62] substantiate their  
assumption with the argument tqat the relation between the 
increase in the neutron and rigig components is not retained 
during large and small Rare8 of cosmic rays.  
Kolomeets [64], showed that this relation is  different for  
different f lares.  
probably, depends on the conditions of the origin of spectrum 
in the region of chromospheric flare as well as on the electro-- 
magnetic state of the interplanetary space. On the basis of 
analysis of the effect of about 170 chromosopheric flares of 
clsss >r 2 obtained f rom the world network of stations, 
L.I. Dorman et al. [65, 661 found the increase in the rigid 
component to be  0.1 '% i. e . ,  conriderably less than that obtained 
by Dolbear et al. [67] and L.I. a r m a n  and E. V. Kolomeets 
1681 < N O .  3 % ) .  

However, E, V. 

It can change by more than an order and 

The analysis of the results obtained in [64,46,68] makes 
it possible to conclude that the effect in the rigid component is 
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apparently caused by two factors. F o r  example, about 75% 
of the outburst amplitudes a t  the equator a r e  mainly explained 
by meteorological effects which a r e  related t o  the action of ultra- 
violet radiation of the so la r  flares on ozone layer  and the subse- 
quent change in the temperature of the upper atmosphere. 
should be pointed out that both the factors play significantly 
different roles at different latitudes: the first factor pre-  
dominates (low cut-off rigidity) at  high latitudes and the second 
factor is insignificant (large zenith angle of the cone of ultraviolet 
radiation) whereas at low latitudes, the second factor  predomina- 
tes and the first one is insignificant (due to high cut-off rigidity 
and small  zenith angle of the cone of ultraviolet radiation). 

It 

Based o n  the data of continuous recording of the rigid 
component of cosmic rays obtained with the help of Yakutskii 
complex of ground and underground installations during 1957- 
59, A .  I. Kuz'min (691 conducted a n  interesting investigation 
on the problem as to whether chromosopheric f lares  lead to  
a decrease in the temperature of the stratosphere. As a 
matter of fact, Tn accordance with Dorman - F e i n  theory of 
temperature effect [I .  1 ] a  it should be expected that the 
intensity of cosmit rays  at a height correspond 

with the decrease in the tempe 
stratosphere while the in ten~i ty  at the Earth's supface should 
increase. After making necessary corrections for the baro- ~ 

metric effect and the average solar daily variation, i t  was shown 
by the superposed epoch method, in [69] that for ,87 flares 
withjn the limits of exp sntal error, changes i n  
of cosmic rays are not rved  at any of the under 
It follows from this tha he effective tcmpirature  of the 
stratosphere changes during the t ime of chromospheric flares, 
the change should not be more than 5OC. 
not contradict N.  S. Kamines's result f6  ] 
data of continous r cording of rigid co 
r a y s  during 195546.  

This estimate does 
obtained from the 

onent of cosmic 

While investigating the effect of small chromospheric 
f lares  on so lar  daily variation of neutron component (On the 
basis of the observational data obtained of Hakutsk, Resolute 
and Sulfur stations), G.V.  Skripin et al. [70] did not observe 

11 &res wfthln the limits of experimentdl 
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e r fo r .  
the conclusions drawn by B. M .  Vladimirskii and A .  K.  Pankra- 
tov [24] and by Wilson and N e h r a  [22]. 

This result is particularly important and contradicts 

Increases in the intensity of cosmic rays,  not directly 
related to the observed chromo%pheric f la res ,  were detected 
by L.I. Dorman et al. [71] . Data of two hill stations -- Climax 
and Sulfur (cut-off rigidity being 2. 9 and 0. 97 Gv respectively)-- 
obtained during the IGY were analyzed for an indication of 
this effect. In all , 41 events were selected and it was shown 
that the increases during these events are not merely statistical 
fluctuations. Average curves, obtained by the superposed epoch 
method, show that there is a sudden increase, wide maximum 
for 4-4  hours and slow recovery of intensity. Corrections 
made f o r  daily variation do not change the result. More than 
50% of the effects of Climax station were observed around 
12+2 hours local time. A comparison with the data on so la r  
f lares showed that, for  most of the events, f lares  of class 2 
o r  more a r e  not observed for  eight hours before the commence- 
ment of the sudden outburst. 
a r e  caused by chromospheric f lares  on the invisible side of the 
Sun although other causes ,  for  example, sudden changes in the 
Earth’s magnetosphere, might not be eliminated. 

It is presumed that these outbursts 

In all the above tioned works, small flares of cosmic 
r a y s  were studied by s 
number of so la r  f lares  I E.I .  Dorman and E .  V Kolomeets 
[72] made an attempt t o  study the effect of individual f lares .  
In all ,  10 flare events observed during June 16, 1957 - 
October 31, 1958 were analyzed. Data of neutron monitors 

of f i r s t  and the second harmonics of daily variation which was 
obtained from the d a t a  of the previous d a y ,  were used. A l ist  

res and the results of the analysis are: given in Table 
;% is the geomagnetic cut-off energy). F r o m  the data 

available through the world network of stations which recorded 
the neutron component of the intensity of cosmic rays during 
1959-64, V I. Ivanov and E.  V. Kolomeets [73] analysed the 
effect of’small chromospheric flares in cosmic r a y s .  It wap 
observed that decrease of the effect of the flares in the neutron 
component of cosmic rays f rom maximum to minimum solar  

ica l ly  analyzing the d a t a  on a large 

afte ic making correction for  the barometric effect and the effect 
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activity is due to  the less intensity of f lares  during the period 
of minimum solar  activity. 
period of minimum solar  activity, the increase due to flares in 
the helioequatorial region and in the western half of the Polar 
disk is more than that due to  flares at higher latitudes and on 
the eastern half of the so la r  disk and this points out the existence 
of a regular magnetic field in the interplanetary space. 

It was a l so  shown that, during the 

V.S. Smirnov [74] drew attention to  the fact that the daily 
variation fo r  Murmansk and Churchill stations averaged for 
quiet (with respect to  geomagnetic field and Forbush effects) 
days with higher flare activity, reveals a n  additional morning 
increase for  the period 1959-60. This increase is apparently 
caused by the propagation of particles of small  f lares of cosmic 
rays  f rom a direction 'd 60° to  the west of the Earth-Sun 
line. Absence of this increase during 1957-58 is related to the 
predominance, during this period, of the diffusion mechanism in  
the propagation of solar particles to  the Earth.  Daily variation, 
ateragerl fo r  quiet days (amplitude of Forbush decrease more 
than 5'$,  K-index a 3 0 )  f o r  1957-60 period, rvveals an  additional 
increase at  about 9 hours local time which may possibly be 
caused by particles propagating from a direction close to  the 
Earth- Sun line. 

P 

The question of energy spectrum of particles giving r ise  
to  small f lares of cosmic rays is considered in Section 10. 

7.  POSSIBILITY OF COLLECTIVE INVASION OF SOLAR 
COSMIC RAYS INTO THE EARTH'S MAGNETOSPHERE 

Whi le  investigating the f i rs t  phase of geomagnetic 
storm, Chapman and F e r r a r o  [75] arrived at the preliminary 
conclusion that so la r  corpuscular beam gan be geoeffective 
only if  concentration of particles n?l0- cm-3. F o r  the s a k e  
of simplicity, a cylindrical layer of plasma (solar particles) 
i n  the geomagnetic field was considered. It is natural that 
such a n  extremely simplified problem cannot reveal all the 
characteristic features of the real  picture of interaction between 
solar plasma and geomagnetic field. With further assumptions, 
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._ - 

Fer ra ro  [ 76 ]  obtained an expression for  &e c ~ t i c a l  concentration 
of solar particles at which the electromagnetic interaction 
between them becomes negligibly small and they move in the 
geomagnetic field along Stgrmer orbits. This condition for  cr t i -  
cal concentration is givm by*) 

where 9 = 2.781 ; 
the dimension of length: 

is a c9nstant of Strb'rmer's theory having 

and a is the screening Length of plasma and it also has the 
dimensions of length and corresponds to the distance from the 
separating boundary at which the effect of magnetic field o n  
plasma particles decreases by e times: 

The following notations a r e  used in formulas (7 .2)  and 
(7.3): m, v, e and n a r e  respectively the mass,  velocity, charge 
and conctentration of particles; M is the Earth's magnetic 
moment and c ,  the velocity of light. The si-mplifying assumption 
that solar plasma consists of only one type of particles (protons) 
was made f o r  deriving the formula (7. 1). Obviously, this 
assumption is fairly applicable to the case of solar cosmic 
rays .  [k.23. 

F r o m  (7.1-(7.3) , we obtain an expression for  the 
critical concentration 'Re of solar particles (protons): 

(v is in cmlsec) .  

*)It should be mentioned that while deriving formula (7. I ) ,  Ferraro J76J 
- 
made ail insignificant nlgebmic error which mas pointed out by Chapman 
J77J and has been c'orrocicd here.  
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In the case of isotopic radiation, by considering ('7.41, 
the critical flux of particles (from directional hemispheres) 
is determined from the expression: 

where I$s the critical intensity of particles moving with a 
velocity v: 

(7.6) 

The values of *&,I?* and I* for  proton9 of different kine- 
tic energies 
(7.6), a r e  given in Table 7. 1. 
the relativistic relation 

, calculated on the basis of formulas (7.4) - 
The velocity is calculated f rom 

where go is the potential energy of a proton 

Geoeffkctiveness of some solar  cosmic ray can be 
estimated on the basis of the obtained crit ical  values. The 
differential spectrum of particles due to September 28, 1963 
flare, recorded beyond'the limito of the Earth's magnetopphere 
by the American satellite "Explorer-12" [l.  231, can be  
approximated by the expression: 

in the proton energy range of '4 =2-1000 Mev about 46 hours 
after t h e  commencement of the flare. According to measure- 
ment taken by Brown and D'Arcy [78], the spectrum of particles 
in the Same energy range during July 14-15 , 1959 f lare  

[em-?. seeW1. sterad'! Mev"]. 
w a s  much steeper-and given by D ( Ek) = 6 x 10-1' -4.5 

Le% us.use the relations : 
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L.I. DORAAIAN AND L.I. MIROSWCHENKO 

Here, it may be noted, that we can also use an approximate 
expression for the velocity in the above-mentioned energy 
range ( 6 k = 100-500 MeV) in place of (7.7): 

is expressed in MeV. The results of calculation obtai- 
ned by L, I. Miroshnichenko fo r  n( Ek) and F ( Ek), With the help 
of formulas (7.8 1 and (7.9) , a r e  given in Table 7 0 2 

By comparing Tables 7.1 and 7.2, it can be concluded 
that the September 28, 1961 solar cosmic flare wag sat  geo- 
effective whereas the July 14-15, 1959 flare could give a 
geomagnetic effect if this effect is considered to be 
due to the cumulative action of solar cosmic r a y s  on the 
geomagnetic field (for example, the effect due to a proton beam 
of E ,  = 100-400 Mev. ) . 
7.2 with the curves of Fig. 7.1, taken from the work of 
Obayashi and Hakura [80], also leads to  the Sam 
(also see the work [81] of the same authors)*. 

A comparison of Tables 7.1 and 

Fig. 7 .1  shows the integral energy spectra of solar 
partieles, obtained by different authors for  different energy 
ranges: 1 - thermal particles of interplanetary plasma; 2- 
particles of corpuscular beam (for details of curves 1 and 2, 

Some deviations in the values of F, in Fig. 7.1 and Table 7.1 can be 
explained by the fact that the calculations [SlJ were done by assuming t 
A= I whereas critical values in Tahle 7 . 1  were obtained in [79J on the 

basis of a more accurafe relation (7.1). 
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L,I. DORMAN AND LJ. ~ ~ O S H ~ C ~ N ~ O  

Fig. 7. I .  Intcgnzl cncvgy spectrum of solrrrr corpuscular radurrtzon 1811. 
1,2, I 1  - calculated curves; 3-8 - experimental curves; 9 - scale 
of cut-off geonzagnetic latitudes: 10 - altilude scale for  penetration 
of prolons i~ the E m f  
work of Obayshi 3 and 4 - particles 

s by Van Alien 
ctively); 5- particles, giving rise t o  absorption of 

giving r i se  to polar auro 

radio waves in  polar caps,  on the basis of the da ta  of Anderson 
et  al. 184); 6- spectrum of solar cosmic rays due to February 
23, 1956 flare i n  the nonrelativistic region, according tothe 
measurements of V a n  Allen and Winckler [55]; 7-spectrum of 
relativistic particles due to the same flare,  measured by 

eyer e t  al, [l. $1; 8-spectrum of galactic cosmic rays obtained 
y V a n  Allen and Singer [86]. Scale of cut-off geomagnetic 

latitudes (9), scale of altitude for  penetration of protons 
i n  the Garth8s atmosphere (10) and the limit of freedom of 
protons during their motion in the geom netic field (curve 
11 calculated i n  [8l] by assuming that d = 1 a r e  also shown. 

@I the other hand, it is possible to  estimate by the 
quation the intensity of energy contained in solar 

cosmic r a y s  due to  the July 14-15, 1969 f la re  in the energy 
range of 100-400 Mev: 
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This intensity of ea y co r re sponds  t o  the magnet ic  f ie ld  
0 gauss .  By extending the spectrum 

Such a n  invasion mus t  give rise to d is turbances  in t h e  
magnetic field a n d  possibly to polar  auxoras  and  o t h e r  ionospher-  
i c  effects  at high geomagnet ic  Latitudes ( 9600) whi le  t h e  d i s tu r -  
bance in t he  
dis tances  Z . Such phenomena dur ing  c o s m i c  ray  

oE A. S. Dvoryaskin ' s  

netic field must have a significant effect  at 

ciently low index. 
flares by the da ta  from s t r a t o r s p h e r i c  and d i r ec t  rocket 

It is actual ly  conf i rmed f o r  a n u m b e r  of 

v e r ,  the obtained va lues  of Ju ly  
sumpt ion  that some of the geophysic 

phenomena during this per iod  could be caused by the in tense  
beam of solar cosmic  r a y s  of med ium energy (100-400 Mev). 
It is very  difficult t o  ver i fy  this assumption due  to  the p r  
of a l a r g e  number  of geophysical effects in the middle of 3uly 
1959 and they are usually explained by superpos i t ion  of many 
solar corpuscular  beams.  
xequt res  fu r the r  inves t iga thns .  

Thus, t he  quest ion under Peferer,ce 
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CNAPTE 
ENERGY SPECTRUM, NUCLEAR COMPOSITION 
AND TIME VARIATIONS OF SOLAR COgMIC RAYS 

The characteristic features of the spectrum and compo- 
stion of solar cosmic rays and the i f l ime variations are consi- 
dered in this Chapter on the basis of the data obtained from 
ground, stratospheric and extra -te r res t  rial measurements. 
Much attention has been paid to the effects of anisotropy of solar 
particles and to their displacement in' the traps of corpuscular 
beams. The possibility of accumulation of low-energy particles 
in the solar system is considered and the theory and method of 
studying isotopic composition of solar particles is described. 
The effects of luminescence of the Moon and the Mercury u n d e ~  
the action of solar corpuscular radiation a r e  mentioned. The 
question of the shape of the spectrum and its other simple 
parameters occupies the main place in this Chapter. 

8, ENERGY SPECTRUM 

8. 1 Pecularities of the spectrum. Till now, a large 
number of peculiarities in the spectrum of solar cosmic rays 
have been established. 
to be ambiguous and contradictory. 

However its interpretation has proved 

1. The lower limit of the spectrum of solar cosmic 
rays is  tentative and determined by the ratio of energy densities 
of solar cosmic rays and magnetic fields in which the particles 
propagate (local fields of the Sun's active regions, inte rplane - 
t a ry  and geomagnetic fields). Ef the density of energy contained 
in the solar particles becomed more than that of the magnetic 
field,. these particles should be considered as a conductive gas. 
During the flare of July 14-15, 1959, solar particles with & = 
100-400 Mev had such a high energy density ( ~ 3 x 1 0 - ~  erg/cm3) 
that they could collectively ;overcome the field with H 6 1 0 - 3  
gauss (see Section 7). 
of the spectrum apparently lies in the region &=l 05- 1 O b  ev. 

F o r  most of the flares,  the lower limit 
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F o r  example, during the flare of September 28,  1961, the 
spectrum of solar cosmic rays i n  the interplanetary space was 

urci$by Bsyant et al, [I. 231 .. . right up to & k-- 1 Mev. 

2. The upper limits of the-spe'ctrbtn is determined by 

If it is assumed that the Sun's supercorona of radius 
the possibility of relaining the accelerated particles in the 
source. 
5x1Ol2 cm is the source and that H N !O-4  gauss, is the intensity 
of irregular-s of the field, the upper limit of the energy of 
particles held in the t rap wi?A be equal to 1. 5x101 
vistic solar particles with 
the most powerful of all  the observed flares (February 23, 1956). 
Strictly speaking, the upper limit cannot be correctly deter-  
mined experimentally due to large steepness of the spectrum of 
solar particles at high energies. 

ev. Relati- 
2x1 0'l) ev. were recorded during 

3. The inclinationof the spectrum at energies of the 
order of a few hundred Mev depend#s on the state of the inter- 
planetary medium. 
Charakhch'yan [ 11, the index of differential spectrum y in the 
absence of solar corpuscular beam is equal to 3 and is approxi 
mately the same for various flares. 
particles having the at5ovdmenYiaPed energy move in the t r ap  of 
the corpuscular.beam, y=6 and the spectrum mainly changes in 
the region &k .L( 200 MeV. 

AS shown by A. V. Charakhch'yan and T. N. 

On the other hand, if the 

4. If the energyis  more than a few hundred MeV, the 
spectrum becomes discontinuous and the index, according to 
A. N. Charakhch'yan and T. N. Charakhch'yzn [2], increases up 
to y The point of discontinuity can be different for dif- 
ferent flares. 
exists no proportionality between the amplitudes of outburst in 
the stratosphere and at sea level (i. e., in different energy 
ranges) for different flares. 
proportionality is not at all possible for an individual flare since 
the spectral curve of solar cosmic rays at  the Earth's orbit is 
practically not parallel to the corresponding curve for galactic 
particles. 

5-6. 
This conclusion is drawn from the fact that there 

It should be mentioned that this 

5. Cosmic rays propagating to the Earth directly from 
the Sun in the initial phase of a flare have more rigid spectrum 
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than the scattered particles. Moreover, the spectrum of 
scattered particles as  a rule softens with the passage of time*. 

The authors i n  references [1, 21 assume that, these 
pecularities of the spectrum a r e  related to the phenomena of 
generation of cosmic rays on the Sun, The energy range of t 
particles, geaerated by the Sun, is apparently limited on the 
high side of energies but this limitation (i, e. ,  the position of 
discontinuity in the spectrum) in specific cases is found to be 
different. In view of this, the existence of only one acceleration 
mechanism for high- and low-energy particles becomes doubtful, 
Experimental data on the spectra of protons, 
nuclei of M groups expressed in terms of their ki 
point out a similarity in these spectra, 
charge spectra of particles 
tant from which it follows 
relation between the nucle 
and the abundance of elements in the solar atmosphere, 
conclusiono however, contradicts the results of other workers 
(see Section 9). 

-particles and 

According to [ 2 ] ,  the 

there is  apparently no definite 
enerated on the Sun, a r e  not cons- 

omposition of accelerated particles 
This 

On the other hand, numerous observations show that, to 
the f i rs t  approximation, the spectra of solar particles 
depend upon the different parameters defining chromo 
flares (i, e, area, size, duration, position on the San, pature 
of visible movementsp etc. )a Thus, it is natural t o  consider 
that consistency of the spectrum of different flares is in some 
way, the general property of t e dynamics of magnetized plasma 
and of thermodynamics of the as of cosmic rays, As a matter  
of fact, as shown by S ,  I. Syrovatskii [33, t 
cosmic rays can be obtained from general 
considerations without referring to specific values of the para - 
meters of the acceleration mechanism, 

F i r s t  of all, It is appropriate to assume that a cavity, 
occupied by fast particles and retained by the pressure of exter- 

anov and E.  V .  Kolomeets (1651 showed that differential energy 
spectrum of solar cosmic rays in the range 1-8 Gev softens with a dec- 
rease in the solar activity: Y = I .  8 at the maximum and Y = 3.5 at the 
minimum. The upper limit of the spectmlnl changed from 8 to 2 .5  &w 
during 1957-64. There is no definile law in the region of energies ,< P 
Get, (as is evident from analysis of flares that were recorded at the 
Earth, in the stratosphere and in Ihe interplanetary space). 
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nal magnetic field, is formed as a result of an acceleration 
process in the solar atmosphere, 
of these particles and in the case of slow dissipation of their  
energy, the retaining- magnetic field may be ruptured and the 
cantents of the cavity will be ejected into the space about the Sun. 
In that case, considering the external pressure caused by the 
strong magnetic field of the spots, to  be practically constant, it 
is possible to  use’ the thermodynamical relation 

At sufficiently high pressure 

where W is the thermal function of the system, N is the number 
of accelerated particles and .is the average kinetic energy of 
a particle in the cavity. 
for  the cavity points out that the system is not insulated: 
average energy of particles in the cavity increases with their 
exit due to the work done by the external pressure. 

The existence of a thermal function 

Cosmic rays can be considered as an ideal gas with 
constant ratio ;3 of heat capacities. Then 

where & is the total energy of particles in the cavity. 
( 8 , 2 )  in (8. l ) ,  we get 

Putting 

from which we get the following relation between the number of 
particles in the cavity and their  average energy: 

Therefore spectrum of the particle coming out of the cavity will 
be of the form 

where the average energy has been replaced by the actual energy 
which, according to [33, is valid f rom the known general 
concepts about the nature of the generation spectrum. As was 
shown by V. L. Ginzburg and S .  I, Syrovatskii [4], for  strictly 
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steady acceleration between adjoining parallel walls, Y = 3 in 
the non-relativistic ~ a ~ l e  and 1 = 2 in  the relativistic caSe. 
‘For betatron acceleration, ‘d = 2 and ,* 7 3 1 2  respectively. 
These values a r e  obtained by assuming that the energy is trans- 
ferreY only to one (in the case of walls) o r  two (in the case of 
betairon acceleration) degrees of freedom of a particle. 
ever, in the case of not absolutely parallel walls and also due to 
scattering at irregularities of the magnetic field, all  the degrees 
of freedom of the particle, in the long run, become equally 
justified. 3 = 5 / 3  
in the nonrelativistic case and z 4/3 in the relativistic case. 
At these values of ’d , the spectrum of solar cosmic rays, as 
given by equation (8. 5 ) ,  must be a power function with an index 
of 3. 5 in the region of nonrelativistic energies and 5 in the 
ultrarelativistic region. In general, this type of spectrum is in 
agreement with the observations. 
cases, the spectral index b. >, 5 even in the region of compara- 
tively low energies ( &a- 100-300 Mev for-protons). Moreover, 
the conclusions [ 1-31 do not eliminate the difficulties related to 
the explanation of the change of spectrum with time. 

How- 

Therefore, as in the cas-e of an ideal gas, 

On the other hand, in  some 

There are other possibilities a s  well for explaining these 
First of all, different types of losses in the akceleration facts. 

region (radiation, viscous and Joule dissipation) a s  -1 a s  the 
possible variations in the externla1 magnetic field duk to com- 
pression of the cavity, in which the particles a r e  compressed, 
must lead to softening of the spectrum. 
assumed that t4e accelerated particles from flares,  preceeding 
the effective flare, accumulate in some region, then, a s  shown 
by A. A. Stepanyan and B. M. Vladimlrskii [ 51, the relation 
between high-energy and low-energy components will be practi- 
cally absent. Moreover, in the process of propagation of parti-  
cles in the interplanetary space, the spectrum i s  considerably 
transformed owing to the dependence of diffusion coefficient on 
the energy of particles (see Chapter N). 

* 

Further, if it i s  

8.2 .Form of the spectrum. In the recent past, spectra 
of solar cosmic rays in the energy range from a few Mev to tens 
of Gev wese measured by different methods not only for protons 
but also for nuclei with Z 2. 
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Owing to different measurement procedures used in dif- 
ferent energy inteivals, it becomes necessary to coordinate the 
results of different measurements and to find a simple form of 
the spectrum and its changes with the passage of time, Usually, 
differential spectrum is written in the form of a power function 
of rigidity o r  kinetic energy of the particle: 

-=z 

where Y, and va are simultaneously the functions of rigidity (or 
energy) and time. 
have small values a t  low &, o r  R where the spectrum is 
observed to  have a "bend". Moreover, 1, and Yz usually 
increase with time which leads to  softening of the spectrum. In 
a number of works, it was also shown that solar protons and 
particles have similar shape and rigidity spectra, It led F re i e r  
and Webber [ b ,  71 to conclude that rigidity can serve a s  a funda- 
mental parameter for understanding the process of the origin of 
spectrum a t  the Sun and for interpreting the above-mentioned 
data near the Earth. 

It is known from the experiment that Y,and lo 

Since the range of rigidities o r  energies covered* by one 
measurement is usually very narrow, the spectrum of solar 
particles can be written to a sufficient degree of accuracy in the 
form of a power function of rigidity o r  energy with constant . 

iders the total range of rigidities or  energies 
it can, of course, be assumed that the indices y4 and 
on the rigidity o r  energy. 
spectrum, it is necessary to coordinate the results of measure- 
ments obtaincd with the help of rockets, satellites and rio- 
meters  in the range of low energies ( 1  -50 Mev), with the data of 
balloon measurements taken with the help of emulsions, coun- 
te rs  and ionization chambers at  medium energies (70-500 MeV) 
and also with the results of ground measurements in the region 

correctly know the absolute sensitivity of these detectors to 
different regions of the primary spectrum, 
the determination of sensitivity requires certain assumptions 

This representation wlll no more be satisfactory i f  

For an accurate description of the 

Z 500 MeV. With this end in view, it is necessary to  

On the other hand, 
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about the form of the primary spectrum. 
spectrum of primary radiation has an index which is simul- 
taneously a function of the energy (or  rigidity) and time, one 
cannot he sure of the accuracy of extrapolation in these cases 
to  different energy regions covering many types of rneasure- 
ments. 
by nonlinear calculations, 

Since the power 

In this case, the determination of spectra is complicated 

Taking these difficulties into consideration, F r e i e r  and 
Webber [ 6 ]  made a thorough study ofjhe data on many flares 
and arrived a t  the conclusion that the spectrum of solar particles 
can be best expressed by a single -parameter exponential func - 
tion: 

where Ro(t) is the rigidity characteristic which for a given flare 
depends only on time. 
from flare to flare, 
equation (8. 8) is applicable a t  a l l  rigidities only at  a time which, 
after the commencement of the flare considerably exceeds the 
time of direct propagation of particles from the Sun to the Earth. 
In the case of the spectrum of type given by equation ( 8 . 8 ) ,  it is 
no more necessary to artificially "bend" it at Itlow energies since 
R, does not depend on R but the result is found to be the same a s  
in'the case of ''bent" power spectrum. The relation (8. 8) makes 
it possible to forecast the intensity of low -energy particles which 
can later on be related to characteristics of the corresponding 
magnetic storm. On the basis of equation ( 8 . 8 ) ,  the curves of 
time variation can easily be interpreted by the observational data 
obtained with the help of different detectors, 

Its value and time dependence change 
As confirmed by the authors (61, the 

By using all the available observational data of Minnesota 
complex, Fre ie r  and Webber [6] determined the spectra of 
protons for 53 different instants of time during 16 different 
flare events. 
obtained with the help of emulsions, it  was possible to deter-  
mine the flux of 
to that of OC -particles. The results of this investigation a r e  
shown in Table 8. 1. 

Those cases where the measurements were 

d-particles and the ratio of the flux of protons 
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In accordance with the equation (8.8), the integral 
rigidity spectrum will be of the form 

where Ro has the same value far protons and 
Io can have different values. It should be mentioned that the 
counter measurements usdally give integral flux -of particles 
whereas emulsion measurements give differential flux. 

In order to understand the meaning of parameters Io and 
Ro, the authors [6] studied their time &riation for some flares. 
The measured values of Io and Ro a r e  shown in Fig. 8.1 for tbe 
period November 12-16, 1960 and July 11-21, 1961. The times 
of solar flares, fade-outs and sudden commencements of geo- 
magnetic storms a r e  shown by arrows. 
global intensity of solar particles near the Earth free  from the 
possible geomagnetic effects. 
polation of the measured spectrum to the region of low rigidities. 
In order to determine the time variation of IO, the authors [6] 
used riometric data  of high-latitude stations Longyearbyen and 
College which have a cut-off rigidity approximately equal to zero. 
This procedure is not devoid of errors- since the sensitivity of the 
riometer decreases in the region 6 

4 -particles but 

The parameter Io is the 

Calculation of Io requires extra - 

C 15-20 MeV. 19 
In order to study the relation between Io and Ro and the 

characteristics of interplanetary fields in detail, F re i e r  and 
Webbsr plotted the integral spectra of solar protons (Fig. 8. 2), 
obtained for the interplanetary space a t  the time of maximum 
Io for flares on November 12 and 15, 1960 and on July 12 and 
18, 1961, right up to 2 Msv ( R ~ s 6 0  Mv). . 8.2 also shows 
the flux and intensity of energy (1 /2 nmv2 =H /8a) for  a mono - 
energy beam of solar protons. 
to the plasma front causing geomagnetic storm (1) and the quiet 
interplanetary plasma (2). 
of the plasma, their flux and the number density of particles a r e  
also shown in the Fig. The cited values of these parameters 
were obtained on the basis of latest available data on time of 
propagation of plasma from the Sun to the Earth and the' data 
considered a r e  those of direct measurements of-Bridge et al. 
[ 171 on the spectrum and flux of plasma particles and t% results 
of Sonett's measurements [ 181 on the limit of the geomagnetic 
field. 

The crosshatched regions belong 

The velocity of low-energy protons 
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Fig. 8.2.  Integral spectra of solar protons at the time of maximum intensity 
.for flares on November 12 and 15, 1960 and on July 12 and 18, 1961 
[6]. The crosshatched regions 1 and 2 belong to the disfurbed and 
quiet interplanetary f k l d  resppecfively; 3-limit of freedom of 
pro1o~zs during their movement in the geomagnetic field; 4 - scnle 
of cut -off geomagnetic latitudes; 5 - velocity of inlerplnnetw-y 
plasma particles. Spectra of protons at distances of 2 . 8  rE and 
5rE are also showit. 

The measured spectra of solar particles at the time of 
maximum No for flares on November 12 and 15, 1960 and on 
July 12 and 18, 1961 give the same densities of energy for the 
"plasma" of cosmic rays a s  for the quiet interplanetary field. 
Therefore, the motion of solar particles will be significantly 
controlled by this field, The density of energy of low-energy 
plasma and magnetic fields, most probably, increases in the 
presence of a plasma of solar cosmic rays in the interplanetary 
space. As a result, plasma of cosmic rays apparently never 
predominates over the interplanetary field but is always con- 
trolled by it and the resultant motion is defined by the dynamics 
of interaction of these two types of plasma. 
of cosmic rays and the low-energy plasma, containing inter-  
planetary fields, a r e  closely related to each other. This fact 
is confirmed by Fig. 8.2 from which it is obvious that flares of 
cosmic rays having the steepest spectra and maximum inten- 

Thus3 the plasma 
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sities of low-energy particles a r e  accompanied by strongest 
geomagnetic storms (for example, compare July 12 and 18, 1961 
events ) . 

Extrapolation of exponential spectra, corresponding to 
maximum intensity of solar cosmic rays to the region of low 
energies, does not provide l a r  e number of particles 02  inten- 
sity of energy sufficient for ca sing a magnetic storm. There- 
fore, it is not entirely eliminated that the spectrum of solar 
cosmic rays is the high-energy tail of thermal distribution, r e  = 

lated to low-energy (thermal) plasma, In this case, there must 
a transition region of energies (p obably witfiin the interval 

= 100 kev- 2 Mev), 

Many important results regarding this problem were 
obtained in August-September 1961 by Davis and Williamson [ 193 
who measured the flux of trapped protons in the ran 
kev - 4, 5 Mev at  distances of 2-8 e Typical proton spectra 
for distances of 2.8 and 5 in Fig. 8,2, can be des - 
cribed by an exponential with Ro = 15 and 5 Mev resp 
is possible that the particles measured by Davis and 
[19] belong to the spectrum, modified i n  the process 
and subsequent movement (which leads to an increase in the 
steepness of the spectrum), of the plasma-front protons. The 
trapped protons can ohviousl considered a s  remnant of the 
preceding .plasma cloud, to this, Fre ie r  and Webber [63 
tr ied to obtain conformity of the measured values of Ro and No 
for  trapped particles with the values expected for the characteris- 
tic of the strong magnetic stgrm on July 13, 1961, 
study of the spectra of solar protons in the critical range of 
energies between low-energy plasma and plasma of cosmic rays 
(for example, in the range 
storms will help in underst 
between these two components, 

A detailed 

-5 Mev) during magnetic 
e obviously close relation 

Similar problems have also been considered in Section 7 
where much importance is given to the possibility of collective 
invasion of solar cosmic rays into the Earth's atmosphere. 

In connection with the problem of exponential spectrum, 
Freier ' s  results of emulsion measurements [ l o ]  on solar 
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O( -particles and protons during the flares, observed on May 10, 
1959, 
great interest, 
these cases have exponential nature. The fluxes of particles a t  
different times were m e p u r e d  during each flare. 
five flares, i t  has become possible to determine the ratio of the 
flux of protons to that of 
cases, 

July 14 and 16, 1959 and on July 12 and 18, 1961 a r e  of 
Rigidity spectra of both types of particles in 

For these 

d -particles a t  the same rigidity in s ix  

The results of measurements-on these five flare events 
a r e  included in Table 8. 1. 
with the aid of ballons over Minneapolis (cut -off rigidity in the 
case of guiet geomagnetic field, according to Quenby and Wenk 
[I. 3 3 1  is equal to 1. 34 Gv) or Over .Churchill (R N 0.18 Gv). 

All the measurements were obtained 

The spectta. obtained on the basis of emulsion measure - 
ments of protons and d -partic.les on May 12, 1959 a r e  shown in 
Fig. 8.3 in semilogarithmic scale. It i s  obvious that, a t  low 
rigidities, the flux of 6 -particles measured over Minneapolis 
i s  less  than that expected from the exponential form of the 
spectrum. A similar bend in the spectrum was observed on 
July 16, 1959 (for 4( -particles) and July 18, 1961 (for protons 
and d -particles) [lo]. 

Fre ier  [ll], Earl [I21 and Bhavsar [ I .  771 showed that 
the threshold rigidity at Minneapolis during quiet periods goes up 
to 1.20 Gv while during geomagnetic disturbances, it decreases 
to 0.3 Gv. Moreover, it was found that the cut-off threshold is 
not very sharp during cosmic-ray flares. 
observed during similar balloon flights over Churchill and 
Minneapolis. 
observed over Minneapolis, can explain the change in the thres-  
hold rigidity. 
s tar ts  bending serves as  a measure of the cut-off rigidity a t  the 
observation point during the flare. 

Such an effect was 

Consequently, the bend in the spectrum, sometfmes 

In this case, the rigidity at which the spectrum 

It is  important to mention that proton and d -particle 
spectra near the Earth a r e  found to be modified, with respect to 
emission spectra, in the process of propagation in the inter-  
planetary space. But in the opinion of Fre ie r  and Webber [6], 

nature of the spectrum. 
this process changes Ro but does not change the exponential . \.I 
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M 
R, Mv 

Fig. 8.  3. Dvfeerential rigidity spectra for  solar protons and a-pariicles an 
the basis of measuwrnents tnken on May 12, 19.59 [lOJ. 

Interesting results on the measurement of the spectrum 
6. -particles were obtained by Y a t e s  [ 1. 141 during of solar  

November 12-13, 1960 flare with the aid of scintillation telescope 
counter and Cerenkov counter installed on balloons. As a mat ter  
of fact., this was the first time when it was shown by direct 
measurements that the Sun actually generates relativistic d -  
particles ( >560 Mev/nucleon). Corrections for the back- 
ground, nuclear reactions i n  the counter's material and for the 
mass of the residual atmosphere over the detector were made 
fo r  the data obtained. 
at the boundary of the atmosphere obtained on November 1 3 ,  
1960 along with the corresponding data on other flares are given 
in Table 8.2 

The values of the total flux of &-particles 
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In order to determine the flux of solar d -particles, it is 
necessary to consider the background flux caused by d -particles 
of galactic cosmic rays. With this aim, Yates [l. 141 made use 
of the correlation between the counting rate of neutron monitor 
at  Climax and the flux of o( -particles measured by Meyer [20] 
for the period September 1957-July 1959. This dependence for 
cr( -particles with R 3 2.3 Gv (threshold rigidity for Climax 
is 2.9 1 Gv) is shown in Fig. 8.4. Considering the counting rate 
of neutron monitor at  Climax (2888 pulses/2 hours) on the quiet 
day of November 11, 1960, from Fig. 8.4 we find that the inten- 
sity of alactic 

intensity of 134f4 m-?. sec-! steradm1. A comparison of these 
values with the data given in Table 8.2 shows that the intensity 
of relativistic d -particles of R a 2. 3 Gv during the period 
1015-1915 UT on November 13, 1960 was more than that of 

a( -particles is equal to 156A6 m-? sec- l  
sterad' 9 . A similar estimate for November 13, 1960 shows an 

alactic 
terad-l and also during disturbances (156 

sterad'l). 

d -particles during the quiet period (1 3 4 k 4  m 2 . secyl 
6 m-2 sec- l  

It follows from this that the excess intensity of 
-particles ( 5!jt31 m-2. sec-1- steradm1) was caused by their 

-25 
injection from the Sun during November 12, 1960 f lare  event. 

Fig. 8 . 4 .  Corvelnfion fwiuieen coiintiqq rate of mutron monilor at Climax and 
intensitv of a-fmrticles measured by Yales [I .  141 and Meyer [ZOl. 
The stmight line is dmwn without considering November 13, 1960 
data. 
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Two more experiments on determination of the f l u x  and 
spectrum of a-,particles with E k 6 120 /nucleon during 
approximately the same’ihterval & t ime on November 13, 1960 
.were conducted by Ney and Stein [l. 821 and Biswas et al. [21]. 
The results obtained in all  the three experiments are compared 
in Figs. 8. 5 and 8. 6 in which a r e  shown the differential spectra 
of solar OC -particles according to the energy per  nucleon and 
rigidity. Moreover, the rigidity scale in Fig. 8.6 ,  a,is linear 
and in Fig. 8.6, b, it is logarithmic. It is obvious that Yates 
data [ l .  141 for relativistic OC -particles a r e  satisfactorily 
described by the spectrum of the type - SO4 o r  N R’? whereas 
the exponential rigidity spectrum, suggested by Freier and 
Webber [6] gives rise to sharp deviations (Fig. 8.6). 
to explain this deviation, Yates El. 141 suggested a n  interesting 
model of propagation of solar particles i n  the interplanetary 
space. 

In order 

Qm&!f Nov.13, l9bO Yates 
4-21  I . ,  .I I I .  

A9 Maim &!v wm1 ? 
ck. Mev/nuccleon 

Fig. 8 .5 .  The dVferentiaZ energy spectrum of solar a-pariicles according 
to ihe daia obtained by tmrious authors for  ihe j!w.1-iod November 
12-15’, 19GO. The sfrak?if line corresfionds lo spectrum € - 4 . 4 .  
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a a48 N6v. 12, l9bo 
0 16BNav.  13, 19bb Biewaa et 

4 &9$-m Nov. 13, 19bQ Ney and S 

#+%&?fir N 4 . 1 3 ,  1960 Yater 

F&. 8.6. Differentkl rigidity spectrum of s-olar a-particles as an ex-onen - 
tial (a)' and power (b) function. 

Two Forbush decreases in the intensity of cosmic rays 
were observed on the Earth during this period. These decreases 
commenced at  1930 UT on November 12, 1960 and at  1030 UT on 
November 13, 1960 respectively. At the commencement of the 
phenomenon, solar particles trapped in -between the two fronts, 
moving away from the Sun and which a r e  related to Forbush 
decrease (I), not only got into the Galaxy but also filled up the 
region about the Sun (11) through the front close to the Sun, and 
because of this the number of d -particles in this region almost 
remained constant. About a day after the commencement of the 
flare, the fluxes of &-particles in the region in-between the 
"fronts" and in the region close to the Sun became approximately 
equal. 

This contradicts the result obtained by Roederer et al. 
[22]. According to'[22], a significant decrease in the flux of 

102 
e 



SPECTRUM, COMPOSITION AND FLUX VARIATIONS 

solar particles with RN 1 Gv was observed a t  about 11 00 UT on 
November 13, 1960. In the opinion of Yates [I. 141, infiltration 
in the region I1 was more favorable for high-rigidity particles 
and this explains the increase in the flux of OC -particles, with 
R *& 2. 3 Gv, in the spectrum of solar cosmic rays- after 1030 UT 
(i. e. , in the region 11). 
in the region I obviously had an exponential rigidity spectrum 
whereas their spectrum in the region I1 can be expressed as  a 
power function of 6% o r  R. 

It follows from this that solar particles 

, 

Waddington and Fre ie r  [23] doubted the validity of results 
obtained by Yates [I. 141. 
intensity of oC -particles in Yates measurements a r e  due to 
instrumental errors :  this can be observed by comparing the data 
with emulsion measurements. 
in particular, caused by the recording of low-energy solar 
protons whose flux was exceptionally high on November 13,  1960. 
In reply, Yates [24] confirmed that pulses from slow protons 
could not have led to the observed effect and that the exponential 
rigidity spectrum might be most probably caused by modulation 
of the generation spectrum of d -particles during their propaga- 
tion in the interplanethry space. 

They showed that the higher values of 

The excess intensity might be, 

In this connection, it may be mentioned that the strongest 
arguments of Fre ie r  and Webber [6] in favor of exponential 
spectrum at high values of R were based on the data of November 
15, 1960 flare event. Moreover, November 12-13, 1960 event, 
related to the presence of two magnetic ''fronts" in the inter-  
planetary space, should be obviously different from November 
15, 1960 event. Actually, in the absence of front I, the particles 
in the region I would have been dispersed rapidly and lesser  
number of these particles wouId have entered the region I1 
throgh the front 11. 

The differences in these two events were pointed out by 
Ogilwie and Bryant [25]. 
rigidity spectrum does not correspond to observation data of 
November 12, 1960 because of relatively high flux of low-energy 
protons. The data, obtained on November 16, 1960 a t  1951 UT 
(right up to 6 < 15 Mev), a r e  in agreement with the exponential 
spectrum (Fig,  8. 7). 

According to [25], the exponential 

This difference is apparently caused by 
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the flux of low-energy protons propagating to the Earth on 
November 12, 1960 along with solar plasma which was responsi- 
ble for the simultaneous geomagnetic disturbances. 
measurements were also made on November 16, 1960 during the 

Rocket 

magnetically quiet period. 

Nov.16. 1960 

0 Emulaion. 

Counter ' 

F i g . 8 .  7 .  Rigidity sfiectrwn of solar particles at 1951 UT on Novtwher IF. 
* 1 . ~ 0  hnsed on the dala of eniulsion [ZR] and corder @,?I ?imz.wr?- 

wients. 
The data on some other,flare events a s  well do not 

correspond to the exponential form of the spectrum. Fig. 8.8 
shows the rigidity spectra of solar particles due to February 23, 
1956 flare event at three different times. 
drawn in the semilogarithmic scale based on the spectra 
obtained By L. I. Dorman and L. I. Miroshnichenko [I. 361. 
may be noted that the February 23, 1956 flare also contradicts 
the assumption made by Fre ie r  and Webber [6] but this tendency 
is  very much less due to the uncertainty in the position of 
experimental points along R-axis which, in its own turn, is 
caused by the insufficient number of stations which had recorded 
this flare. 
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More accurate results were recently obtained fo r  
September 28, 1961, November 10, 1961 and October 23, 1962 
f l a re  events. 
beyond the limits of the Earth's magnetosphere, Bryant et al. 
[I. 261 (for all the three flares) and L. I. Dorman and L. I. Miro- 
shnichenko [W.  641 (only for September 28, 1961 flare) indepen- 
dently determined the spectra of nonrelativistic solar  protons 
( 6k 6 500 MeV) at the time of their  emission. 
obtained on the basis of the diffusion theory ( see  Chapter IV)  have 
a power function where the value of Y , for  example for  Septem- 
ber 28, 1961 flare,  is within the limits 1.7-2.0. 

Based on the data of satellite measurements 

These spectra, 

Feb. 23, 1956 

O Z 4 6 8 M  
H,Gv 

Fig. 8 . 8 .  Differetztial rgidi ty  spec! 'a of 5 Jar particles at 0600, db00 urd 
2000 u?' o?t Fehruavy 2,?, 2956 [I .  3j]. 
position of poitits dong R-axis which. is same for all the three 
cases, is shoivn only for  2000 U T .  

If a graph of the dependence of the number of emitted 
particles against their  rigidity is plotted in semilogarithmic 
scale, we obtain the curves shown in Fig. 8.9 (see i26, 271). 
Although data on September 28, 1961 flare cover about 1/3Oth 
range of rigidities, it is 0bviou.s from Fig. 8. 9 that the shape of 
the emisaion spectrum for this flare (as well as for  November 
10, 1961 and October 23, 1962 flares) contradicts the assumption 
made by Fre ie r  and Webber [6]. It may be mentioned that the 
Spectrum of some protons, observed by Bryant et al. [I. 231 near 
the Earth, 46 hours after the commencement of September 28, 
1961 flare,  had a power function v tf'where 'f -3  i n  the range' 
Ek = 2-600 MeV. 

The uncwtuinty in the 
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, 

i . 
I 

0 
I c 

5 a 

R .  MV 

Fig. 8 .9 .  Differential rigidity spectra of solar particles at the moment of 
emission for Septeitther 28, 1961, November 10, 1961 and October 
23, 1962flares. 
September 28, 1961 flare at the time of emission is shown on the 
right [I.  26; IV. 641. 

The rigidity spectrum of solar particles from September 
28, 1961 flare at the time of emission, obtained on the basis of 
the results [I. 26; IV.641 is shown on the right in Fig. 8.9. 
is obvious that, in accordance with the data of F ig .  14.33 taken 
from [IV. 281, the spectrum satisfactorily corresponds to the 
power function - R - 4 .  

Power rigidity spectrum of solar particles from 

It 

Thus, neither the exponential rigidity spectrum nor any 
other form of the above-mentioned functions is suitable for 
describing the spectrum of solar cosmic rays in the region of 
low-r igidities (R 4 500 Mv). 

The emission spectra for February 23, 1956; May 4 ,  1960; 
and January 28, 1967 flares are  given in Chapter IV. 
spectra, relating to R 7 1 Gv, a re  also satisfactorily described 
by the power function - R-*. These 

The fact, that exponential form of the spectrum is not 
always suitable, does not contradict the observational data used 
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by F r e i e r  and Webber [ 6 ] .  
authors [6] obtained the information about the low-energy solar 
particles from the data of r iometers whose sensitivity decreases 
rapidly at &, 4 15 MeV. 

A s  a matter of fact, the above 

The dependence of the magnitude of absorption of cosmic 
radio noise on the spectrum of solar particles is illustrated in 
Fig. 8 .10 taken from the work [ 6 ] .  Here the continuous curves 
show the absorption, calculated on the basis of r iometric data 
a t  a frequency of 30 MHz and caused by solar protons of integral 
spectrum I = Ioe -R/Ro at Io = l o 3  proton. crn-? sec-1. sterad-1 
and R, = 50 ,100 ,200  Mv. 
r a ry  value of Io can be obtained from these curves by multiply- 

ing  the value of the amplitude obtained from the Fig. ,  by 
The dotted lines show the absorption due to protons of spectrum 
dI/d 8,  = K The value of K is selected i n  such a 
manner that integral intensity of particles at R 
is equal to 0.1 proton. ~ r n - ~ .  set"'. sterad-l .  

The value of absorption a t  an arbit-  

at Y = 4. 
450 Mv(P00 Mev) 

R, Mv 

Fig. S. 10. Dependence of the absoetion of cosmic radio noise on the rigidity 
of protons (continmus lines) at Ro = 50, 100, 200 A4v a d  OB their 
energy (clotted lir-le) for lhe spectrum - & i d .  
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Based on the data given in Fig. 8. 10, it is interesting to 
point out that on using the exponential spectrum, the effect of 
latitude on absorption is found to be weaker for riometers 
instqlled north of 69O geomagnetic latitude (R W 100  Mv). This 
is due to the fact that in the case of vertically falling particles, 
the maximum absorption per particle is observed to be in the 
range & k  = 20-40 MeV. 
of the riometer decreases because the particles get arrested 
high up in the atmosphere where the frequency of their collosions 
with air  atoms is low. 
compensated by the increase i n  the steepness of the spectrum 
(at R o G  50 Mv) when at least half of the total absorption is caused 
by the particles with & k  < 20 MeV. 

At still lower energies, the sensitivity 

This decrease i n  sensitivity is possibly 

It follows from the above that the extrapolation of the 
spectrum from the riometric data for e k 7 1 5  MeV, to the region 
of extremely low rigidities (right up to R = 
in the calculation of Io. 
polation, can be a suitable parameter for describing the spec- 
trum in the region of high energies but it does not essentially 
correspond t u  the intensity of particles of rigidity close to zero. 
It should also be pointed out that the dependence of rigidity 
R o ( t )  on time and its change from flare to flare, st i l l  more 
co-nplicate the interpretation of experimental data. 
the exponential form of the spectrum for the solar particles 
cancot be taken as  the universal spectrum. 

) leads to an e r r o r  
The value of Io, obtained by extra- 

Obviously, 

Let us consider some more effects relating to the inter- 
pretation of the observed spectrum of solar particles. 

The motion of magnetic irregularities in the interplanetary 
space does not have a noticeable effect on the spectrum of solar 
particles in the beginning of the flare and at the initial stage of 
the decrease in intensity at the Earth's orbit. 
effect can be significant at later stages especially for particles 
giving r ise  to polar absorptions of short radio waves (see 
Section 14. 9). Obviously, the drifting of particles in the irregu- 
l a r  interplanetary fields cannot explain some of the peculiari- 
ties of cosmic-ray flares, e. g. , the significant delay of low- 
energy particles as compared to high-energy particles. Anti- 
fe rmi  retardation in the diverging beam of irregularities be- 

However, this 
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comes noticeable only for particles of extremely low ener 
whose spectrum in this case,  according to L.I. Dorman [I. 
becomes more plane. 

Thus, the interpretation of the spectrum of solar cosmic 

1) the peculiarities of the spectrum near 
rays,  measured at the Earth's orbit, is based on two fu 
assumptions: 
Earth a r e  defined by the characteristics of the mechanisms of 
acceleration and exit of particles from the origin on the Sun 
(local magnetic trap); 2) the shape of emission spectrum 
hardly changes from flare to flare a n d  its peculiarities 
Earth a re  defined by the diffusion (exit) of particles out 
t rap  of the solar system. It is not el iminated that both 
possibilities may occur simulataneously but the modern state of 
this problem does not facilitate estimation of their  relative role 
in the formation of spectrum of solar cosmic rays. 

9. COMPOSITION OF SOLAR COSMIC RAYS 

Protons a r e  the main constituents of solar cosmic rip 

Investigations conducted during the earlier years led to the 
tection of various nuclei with Z 2 2 a s  well as electrons and 
neutrons, The very fact of their presence, energy spectr 
relative content a r e  of great importance not only for atadv 
solar cosmic rays but also for understanding the physics 
Sun and for studying the nonsolar cosmic rays. 

The first  significant successes in the study of co 
of solar cosmic rays was achieved during the years of the Past 
maximum solar activity (1957-62). A t  present, the picture is 
more o r  less  clear in general, and therefore, main attention is 
being paid to the details of this problem. 

We have, of course, the most elaborate informatio 
protons. 

The energy spectra of solar protons and helium nuclei 
were simultaneously measured in a number of cases with t 
help of photo emulsions on balloons (Biswas e t  al. [I-Sl], 
Biswas and Freier [15], Ney and Stein [I.82], F r e i e r  and 
[6], Fre ie r  [ lo ,  111) and on rockets (Biswas et al. [28; I. 
In spite of their limited number, these measurements are of 
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much significance since the difference in charge to mass  ratios 
for protons and a-particles facilitates differentiation of their 
beams according to velocities and rigidities. 

With regard to the isotopic composition, significant fluxes 
of deutron were recorded in two cases (Balasubrahmanyan et al. 
1291) and sufficiently rigid upper limits were obtained in two 
other cases (Biswas et al. [I. 241, Waddington and F r e i e r  [I. 281). 
The presence of tritium and He3 in solar cosmic rays was also 
detected (Fireman e t  al. 1301, Tilles et al. [31], Schaeffer and 
Zahringer [I. 561). 

Small fluxes of still heavier nuclei were a l s o  recorded in 
a number of experiments (Fichtel and G u s s  [32], Biswas et al. 
128; I. 241, Yagoda et  al. [33], Pomerantz and Witten [34], L. V. 
Kiirnosova et al. [35], Biswas and Fichtel [36]). Apparently, 
these nuclei a re  always present in solar cosmic rays  since they 
a re  recorded every t ime when the observed intensity of solar 
particles is sufficiently high so that one expects the appearance 
of heavy nuclei d n  the basis of their relative content i n  other 
cases . 

The detailed investigation, conducted by Biswas et al. 
[I. 241 and Bisw'as and Fichtel [36], shows that the composition of 
nuclei with Z 7 2 is apparently similar to the composition of 
solar atmosphere and considerably differs from the composition 
of cosmic rays beyond the limits of the solar system. 

According to the observations of E a r l  [I. 1221, Ney and 
Stein [I. 821 and Cline e t  al. [V. 1301, the intensity of high-energy 
electrons in the interplanetary space is very low. 
of fact, the measurements of Meyer and Vogt [V. 1251 are  the 
only available convincing proof of the existence of electrons 
caused by solar flares. These scientists with the aid of bal- 
loons, observed a significant flux of electrons over Churchill on 
July 22, 1961. 
extremely s m d l  as compared to the intensity of protons (see 
Section 22). 

A s  a matter 

However, even in this case,  their intensity was 

There is no direct indication about the presence of solar 
neutrons in flares but a number of considerations point out the 
possibility of their generation on the Sun (see Section 23). 

110 



, 

SPECTRUM, COMPOSITION AND FLUX VARIATIC 

In this section, basic experimental results on charge and 
energy spectrum of solar nuclei a r e  described and the data on 
isotopic composition of hydrogen and helieum nuclei a r e  also 
g iven. 

9. 1 
spectra depending upon the energy and rigidity. A t  present, 
it is appropriate to mention only of multiple -charged nuclei 
( Z  >, 2 )  since obviously there is no specific relation between the 
fluxes of protons and heavier nuclei. 
from the similarity in the composition of nuclei Z % 2 (indepen- 
dent of the energy), from the data on different flares and for 
different periods during a particular flare and from the fact that 
the relation between fluxes of protons and a-particles changes 
significantly from flare t o  flare. 

Distribution of solar nuclei accordinp to charge and their 

This conclusion follows 

The results obtained by different authors using different 
types of equipment installed on balloons, rockets and satellites 
a r e  summarized in the detailed review of Biswas and Fichtel 
r371. 

In the case of balloon measurements, the minimum energy 
of detected particles is determined by the atmospheric absorption 
(about 75 Mevhucleon) o r  by the cut-off rigidity in the geomag- 
netic field. 
poles with the aid of rockets or satellites, the lower limit of 
the energy of detected particles is defined by the parameters of 
the detector itself. 
MeV. 

If the measurements are  made near the magnetic 

This limit is usually of the order  of & + s % o  

Since the solar particles are  distributed not only according 
to the charge but also according to their velocities, it is neces- 
sary to study with the passage of time, the change in their 
nuclear composition as well as in the distribution of velocities. 
In addition, the possible variants of these distributions for 
different cases should also be taken into account. Finally, it is 
advisable in each case to differentiate the effects of velocity and 
rigidity of particles since the acceleration and distribution of 
solar cosmic rays may depend on both the parameters. 

While analyzing the data, it should be kept in view that the 
ratio Z /A for  protons is about twice the corresponding ratio for 
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nuclei with Z I/ 2 from which at  a given speed, we get 
R z 1 / 2 R ~ > , 2  

t-, 

In those cases,  when the fluxes of protons and other nuclei 
a r e  measured simultaneously, it i s  possible to write simple 
expressions describing the distribution of particles according to 
the rigidities or energies per nucleon in a limited range: 

(9. 2) 

where I is the integral intensity of particles; A is the atomic 
number of the element; z is the charge of the nucleus; 
total energy; E, is the potential energy and Ro is the characteris*- 
tic rigidity. 

is the 

Although these expressions explain the spectrum of solar 
particles in a simple manner in a limited range of energy or  
rigidity, it should be kept in view that neither (9. 1) nor (9. 2 )  
is applicable for all energies and for all instants of time (see 
Sectior, 8).  The measured values of lf and Ro a re  given in 
Table 9. 1. The ratios of the f lux  of protons to that of helium 
and of protons to medium nuclei a r e  shown in Table 9. 2. Both 
the tables show the results of only those experiments i n  which 
measurements were taken on more than one component of solar 
cosmic rays. 

As shown by F re i e r  and Webber [t] for the first  t ime, the 
rigidity spectra of protons and helium nuclei a r e  often similar 
in shape, i. e. , the parameter Ro in formula ( 9 . 2 )  is approxi- 
mately the same for these two types of particles. The differ- 
ential rigidity spectra of protons, a-particles and medium 
nuclei, recorded by Biswas et al. [I. 241 on November 16, 1960 
at 1951 U T ,  a r e  shown in Fig. 9.1 a s  an example but the flux 
o f  medium nuclei was multiplied by 60  to superpose the spectra. 

However, the observation of Fre ie r  and Webber [6] a r e  
not always complied with. The values of Ro differed signifi- 
cantly at 1603 U T  on November 13, 1960, at 1405 U T  and at 
(3930-1700 UT onSeptember 3, 1960 when it was possible to 
q e a s  ure the spectra of protons and multiple-charged particles 
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m Medium nuclei 

Nw. 16, I960 

Nor. 13, I960 

R, M v  
R, Mv 

Fig. 9.1.  Difderential rigidity spectra of protons, a- particles and medium 
nuclei . 
a> at 1951 UT on November 16, 1960; b) at 1603 UT on- November 
13, 1960. 
To superpose the spectra, the flux of medium nuclei was multi- 
plied by 60. 

in a wide range of rigidity. 
and Fichtel [36], showed that the probability of agreement of the 
values of Ro for protons and a-particles in the above-mentioned 
cases was less than 0.1%. 

An analysis of these data, by Biswas 

Fig .  9. l , b  shows the rigidity spectra of solar protons, 
a-particles and medium nuclei recorded at 1603 U T  on November 
13, 1960 (as in Fig.  9. 1, a, the flux of mediumnuclei is  multi- 
plied by 60). 
emulsions mounted on balloons and rockets (see the references 
in Table 9. 2). In the balloon experiments, the measurements 
covered the energy range of 300-800 Mev for protons and 80- 
300 Mev/nucleon for a -p r t i c l e s  whereas in subsequent measure- 
ments, for proton and a-papticles, the range studied w a s  15-300 
Mev and 30-130 Mev/nucleon respectively, 

Observations were made with the aid of photo- 
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It was established, that, in spite of the similarity in 
rigidity spectra, the ratio of the flux of protons to that of a- 
particles in the given rigidity range changes significantly from 
event to event and from time to time during the course of the 
given event. 
1-50 and a tendency to stick to lower values is observed. Some 
of the ratios obtained experimentally a r e  given in Table 9. 2. 
The data a r e  taken from the work of F re i e r  and Webber [61 for 
Ra 0.8 Gv and of Biswas and Fichtel [36] for R = 0.5-1.0 Gv. 
Moreover, Table 9. 2 also contains the data of Balasubrahmanyan 
et al. [29] obtained with the aid of counting telescope on board 
the satellites of the type "IMP" 

At R 7' 0.8 Gv, this ratio changes within the limits 

In all those cases where the fluxes of protons and a-parti- 
cles were measured in the same range of energy per nucleon, 
the energy spectrum of a-particles was much more steeper than 
that of protons. Fig. 9 .2  shows atypical example of such an 
effect at 1951 UT on November 16, 1960 based on the data of 
Biswas et al. , [I. 241 (flux of a-particles,is multiplied by 10  and 
that of medium nuclei by 600). The corresponding values of Y, 
obtained on the basis of relation (9. l ) ,  a re  given in Table 9.1. 

While studying the relation of protons to a-particles at a 
given velocity range, it is necessary to precisely define this 
range since the relation, as is obvious from Fig. 9. 3, may 
depend significantly on the energy. In addition to these changes 
during a particular event, it is pointed out that the ratio of pro- 
tons to a-particles in a given velocity range may change signifi- 
cantly f rom event to event. 
for  those cases for which it w a s  possible to  compare the fluxes 
of protons and a-particles in the same range of energy pes 
nucleon. Data on protons, used for comparing with the flux of 
a-particles in [39], were obtained by Guss and Waddington [40] 
by measuring with an emulsion pile similar to the one used in 
the.work [39]. 

Table 9. 2 gives the ratios measured 

9.2. Multiple-charged nuclei. Information about-heavy 
nuclei (Z >/ 3) is, a t  present, more limited than the data on 
protons and a-particles. 
action in a i r  is small for heavy nuclei, almost the whole of the 
information about these particles was obtained with the aid of 

Since the mean free path without inter- 
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0 Protons 

A a-particles 

0 Medium nuclei 

Nor. 16, 1960 

I 1 * I . ,l 1 I 

Y 42 43 +%7 
8 9 Iflfl t80 28@ 2% 300&,, Mev/nucleon 

Fig. 9.2. Differential energy spectra of protons, a-parl-licles N I I ~ I  hwifiim 
nuclei at 1951 UT on November 16, 1960 11.241. To pvopci~lv super-- 
pose the spectra, the flux of He-nuclei is  multiplied hy IO r i d  
that of medium niiclei by 600. 

rockets and satellites. 
nuclei of solar origin were recorded by balloons. 

Only in two cases the high-energy heavy 

Heavy nuclei were detected for the f.irst time by Fichtel 
and Guss  [32] during the September 3 ,  1960 f la re  event with the 
help of nuclear photoemulsions mounted on a rocket over Chur- 
chill. 
1960 by Biswas [ZS], Y agoda et al. [33], and Ney and Sten 
[I. 821 using photoemulsions on balloons, rockets and sattellites, 
and by Biswas  and Fichtel [36] using a system of Cerenkov detec- 
tors.  The increase in the flux of heavy nuclei on July 18, 1961 
v a s  confirmed by balloon-borne emulsion measurements taken 
by Biswas et al. [39]. 

Later  on, these nuclei were recorded during November 
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f -  

1- 18.40 NOY. 12, 1960 
2- 16.03 Nov. 13, 1960 

3- 19-51 Nov. 16, l9bo 
4- 06.00 Nov. 17, 1960 

5- 03.39 NOV. in. 1961 
13.05-17.50 July 18. 

Ek. Mev/nueleon 

Fig. 9, 3. Ratio of the intensities of protons and a-particles as a finrlion of 
kinetic energy per  nucleon. 

The presently available data confirms that the spectra of 
a-particle and medium nuclei, according to the energies per 
nucleon, have the same shape. 
(9.  l ) ,  calculated by Biswas and Fichtel [36] for  a-particles arid 
medium nuclei, agree within the limits of experimental e m o r  
(see Table 9.1). Moreover, since the medium nuclei have the 
same Z / A  ratio as helium, their  rigidity spectra must have the 
same shape,of course, if one assumes that the nuclei have 
completely lost their electron shells. 
helium and medium nuclei becomes obvious from Figs. 9 . 1  and 
9. 2. 

The values of y in equation 

Similarity in spectra of 

During the above-mentioned three flares, it was possible 
to measure the relative content of helium and medium nuclei in 
the same rigidity range and it was found that the relative content 
was the same within the limits of experimental e r ro r s  (see 
Table 9. 3). A change in this ratio, within the limits of two 
standard e r ro r s ,  is obviously not very important since one such 
deviation at 0600 UT on November 17, 1960 i s  quite possible 
statistically, whereas the deviation in the other two cases of 
the same flare does not go beyond one standard e r ror .  It follows 
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from this that, since the ratio of helium to medium nuclei re- 
mains constant, the ratio of protons to medium nuclei should 
change exactly in the same manner as the ratio of protons to 
helium (see Fig. 9. 3). 

TABLE 9.-? 

Ratio of the E w  of c-par::cles to that of medium nuclei 
- 

Energy range&& A(He. M , A t  )" References 7 .  

I Lme of measurerrent, 
UT . Mev inucleon 

14.08 
September 3, 1960 42.5 - 95 68 +_21 (32; 1.241 

i8.40 
X'uvember 12. 1960 42.5 - 95 63+_ 14 r211 

November 13. 1963 42.5 - 95 7 2 5  16 1211 
Ib. 03 

19.51 
November 16, 1960 42.5 - 95 61 213 [l . 241 
06.00 
November 17. 1960 42.5 - 95 38 5 10 11.241 

0.3.39 
November 18, 1960 4g.5 - 95 53 5 14 11. 241 

Average of 6 events 42.5 - 95 6 0 5 7  

12.25-23.45 
July 12, 1959 150 - 200 >, 1005 35 I281 
10.30-12.30 
September 15, 1960 175 - 280 c loo+ loo [I. 821 - 5 9  
13. 05-19.18 

120 - 204 69 16 1391 July 18, 1961 

* A ( i ,  j. k) is the ratio of the flux of particles of the type i in the range k to the flux of  
particles of the type j in the same range. 

According to  the data obtained by five independent measure- 
ments by Biswas et al. [I. 24; 411, the relative content of heavier 
nuclei in the f l u x  of all the nuclei, measured in a constant range 

found to be the same. 
that at  a sufficient flux of heavier nuclei in a wide rigidity range, 
their rigidity spectrum will be  the same as that of a-particles 
and medium nuclei. 

. of energy per nuclean, during two flares (Table 9.41, was 
This result facilitates the assumption 
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Thus, .on the basis of the data obtained, it is possible to 
study the relative abundance of multiple-charged nuclei in the 
composition of solar cosmic rays but a better estimate of the 
relative content can be obtained by using the average data of all 
the recorded events in a constant velocity range. Data on five 
flights, averaged in this way, a r e  given in Table 9.5 by taking 
oxygen content to be equal to unity. 
9 . 5  that medium nuclei (6 6 Z & 9 )  constitute most of the heavy 
nuclei (Z 7 2) whereas the Be and B nuclei were so few that it 
was possible to determine only the upper limit of their content. 

It is obvious from Table 

The detailed analysis shows that the relative abundance of 
energetic solar particles within the limits of the e r ro r s  agrees 
with the composition of solar atmosphere determined spectro- 
scopically. 
similar (but not identical) to their abundance in the Universe, 
solar cosmic rays also have such a similarity. On the other 
hand, the composition of solar cosmic rays considerably differs 
from that of galactic cosmic rays which, as is well-known, a r e  
richer in heavy nuclei. 

Since the abundance of elements on the Sun is 

In some measurements, undertaken by a group of Soviet 
research workers under the guidance of L.  V. Kurnosova [35], 
increases of duration of 2 to 20 minutes in the flux of heavy 
relativistic nuclei ( 1,600 Mev/nucleon) weFe recorded and which 
were not connected with the usual flares of solar cosmic rays.  
A part of these measurements was obtained on a satellite-borne 
system of Cerenkov counters. Although, in other experiments 
as well, there was a possibility of recording similar effects 
[41], no such increases were observed in the measurements [41]. 
This aspect is considered in more detail in Section 9.4 

Regarding the discovery of heavy nuclei (Z > 2 )  in solar 
cosmic rays,  many interesting questions ar ise ,  and a final 
answer will be only possible after conducting additional experi- 
ment s . 

In this connection, the results of Biswas et al. [39] on the 
measurements of helium and heavy nuclei during the July 18, 
1961 flare event a r e  of great interest. 
many assumptions put forward earlier regarding the measure- 

These results support 
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ment of solar particles in the three previous powerful flares 
during which heavy nuclei were recorded: September 3, 1960 
(Fichtel and G u s s  [32]); November 12, 1960 (Biswas et al. [21], 
Yagoda et al. [33], Pomerantz and Witten [34]); November 15, 
1960 (Ney and Stein [I. 821, Biswas et al. [I. 241, Biswas and 
Fichtel 1371). 

Emulsion measurements [39] were made with the help of 

The emul- 
balloons launched over Chruchill and which drifted to a medium 
altitude with the. residual pres sure of -2. 07 g /cm2. 
sion pile was rotated vertically when the balloon attained the 
"ceiling" and remained in this position during 1305 UT and 1918 
U T  on July 18, 1961. According to the riometer data 30 MHz 
at Churchill, polar absorption started at about 1100 UT on 18th 
July, attained a maximum value of about 8 db at 1200 UT and 
remained at this level for the rest  of the day. The latter fact 
signifies that the average flux of particles during the exposure 
of the pile did not change significantly. The t racks  were pro- 
cessed in such a manner that the minimum energy of medium 
nuclei (6 ,C Z 
204 Mev/nucleon. I n  all, 51 tracks €or heavier nuclei and 73 
tracks for helium were analyzed. 

9) w a s  about 120 Mev /nucleon and the maximum, 

Extrapolation of the intensity of helium nuclei to the 
atmospheric boundary is, to some extent, indefinite because of 
the absence of information about the energy dependence of the 
mean free path of these nuclei in a i r  and in emulsion. 
given case,  this parameter plays a leading role as the contribu- 
tion of helium nuclei, due to secondary particles and due to 
fragmentation of heavy nuclei, to the observed flux i s  very 
small in the considered energy range. A t  large energies, the 
mean free path ior absorption is equal to 21.4 cm in emulsion 
(51 g/cm2 in air);  at  extremely low energies, the correspond- 
ing values a r e  very high. It was found that by considering the 
absorption and by neglecting the corrections -0.86 x lo3 ,  the 
intensity of helium nuclei at the atmospheric boundary was 
equal to - 1. 03x103 cm-2. sec-1. sterad". A compromise 
value of 0.95 t 0 . 1 3 ~ 1  O3 w a s  selected for analysis. The inten- 
sity of mediumnuclei was found to be equal to 12. 0 t 1.8 cm-?! 
sec-1. sterad-1 in the range e, = 120-204 Mev/nucleon. Thus, 
the ratio of the flux of helium nuclei to that of medium nuclei 
was equal to 79 t - 16. 

In the 

124 



SPECTRUM, COMPOSITION AND FLUX VARIATIONS 

Fig. 9.4 shows the energy spectra of these two groups of 
nuclei. 
plied by 60, i. e . ,  by the average ratio of the fluxes of helium and 
medium nuclei, obtained by Biswas and Fichtel [39] for the pre- 
vious cases, the spectra a r e  the same and within the limits of a 
narrow interval of change. If the results of this work a r e  com- 
pared with the results of six other experiments mentioned in 
Table 9. 3, anci by assuming that all the experiments a r e  simi- 
lar  i n  naturer we obtain the ratio of helium nuclei to medium 
nuclei equal to 62t6. 

It is obvious that if the flux of medidm nuclei is multi- 

E 

0 a-particles 

Medium n'ucle 

us @ 
rm rn m 

Ek. Mev/nucfeon 

Fig. 9 .4 .  Dvferential energy spectra of particles arul mediirm nuclei on 
July 18, 1961 t'391. 

Out of 9 heavy nuclei, which do not fall under the group of 
medium nuclei, only one nucleus was found to be light one 
( 3  & Z 4 5). 
in which light nuclei might be formed and due to limited possi- 
bilities for determining the charge, it is possible to mention 
only the upper. limits of the flux of light nuclei and it was found 
to be  equal to 0.7 of the flux of medium nuclei. The remaining 
8 nuclei had a charge from 10 to 14 and had the same range of 
mean free path. 
per nucleon. Based on the obtained flux of medium nuclei and 

Due to the presence of matter over the detector 

It follows from this that they had higher energy 
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their relative content in the previous cases,  the presence of 
5 nuclei with charge between 10 and 14 should be expected SO 

that the measured amount may be in conformity with their con- 
tent as in the previous cas es. 

The flux of helium nuclei in the composition of galactic 
cosmic rays during this period of solar cycle has been obtained 
by Fichtel et al. [42] whereas the f lux of heavier nuclei can be 
estimated from the data on composition of cosmic rays,  taking 
in account the results of measurements obtained for low-energy 
nuclei during the previous year (Fichtel et al. [43], Balasubra- 
manyan et al. 1291, Comstock et  al. [MI, Reames et al. 1451). 
The values obtained for the intensities in the units of particles. 

sec- l  sterad'l a re  6.94- 11 for helium in the range 120- 
204 Mev/nucleon, 0.23+' - 0.05 for medium nuclei and 0. 07 LO. 02 
for nuclei having Z >  10 in the same energy range. Thus, the 
contribution of galactic particles to the flux of solar nuclei can 
be neglected. 

The observation of heavy nuclei on July 18, 1961 includes 
this case in the group of four  previous flares during which 
heavy nuclei were detected. 

According to Biswas and Fichtel [37], the composition of 
solar nuclei, in detail, reflects the composition of the sblar 
atmosphere only within those limits where a comparison is 
possible. The carbon to oxygen ratio measured by Biswas et 
al. [39] , agrees with the value of 0.6 obtained earlier.  
small amount of light nuclei i s  also in conformity with the pre- 
vious estimates. 
not contradict other experiments. 

The 

The amount of heavy nuclei (Z 310) also does 

These results, especially the marked constancy of the 
ratio of helium to medium nuclei, support the assumption that 
the composition of multiple-charged nuclei is  apparently re -  
tained from flare to  flare. Ih Table 9.5, the results of 
measuring the composition a re  summed up and a comparison is 
made with the abundance of nuclei on the Sun, in the Galaxy and 
in the galactic cosmic rays. As already mentioned, the compo- 
sition of solar cosmic rays is  similar to that of the solar at- 
mosphere and significantly differs from the composition of 
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galactic cosmic rays. 
discussed in detail earlier [37], only a few additional comments 
will be made here. 

Since the significance af this fact was 

1) Since the Sun is characterized by the presence of 
elements typical of the most ordinary s t a r  and since this con- 
tent is  obviously reflected in the composition of solar cosmic 
rays,  it is proper to c'onclude that the difference in the nuclear 
composition of galactic cosmic rays and ordinary stars is the 
only source of galactic cosmic rays. Therefore, galactic 
cosmic rays have probably an extremely specific source, 
possibly Supernova stars (see, for example, [I. 211). 

2) Energetic nuclei coming from the Sun with charges 
f rom 2 3 2  to a maximum of Z = 20 obviously reflect the compo- 
sition of the solar atmosphere. If the composition of these 
nuclei is  taken to b e  characteristic of the Sun, their relative 
abundance, given in Table 9 .5 ,  can be used for estimating the 
abundance of helium and neon on the Sun by considering that it 
is not possible to correctly estimate their content in the photo- 
sphere by spectroscopy. 
i s  equal to 1072 14 while that of neon to oxygen is 0. 13+ 0. 02 
(Biswas and Fichtel [37]). 
and Urey [48] and Cameron [49], the ratio of neon to oxygen is 
close to their abundance i n  the Universe although it is slightly 
less  than that i n  the Universe. The ratio of helium to medium 
nuclei is typical; howevep, the ratio o f  protons to helium is of 
great importance. 
different energy spectra and to the charge to mass ratio, there 
a r e  no simple, rea l  methods of determining this ratio only from 
the data on solar cosmic rays. If the ratio of helium to medium 
nuclei, equal to 62+ - 7, is considered to b e  characteristic for the 
Sun and the ratio of protons to medium nuclei, obtained by 
spectroscopy, vie. 650 (Aller [46], Goldberg et  al. [47]), is  
used, we get the ratio of protons to helium to be  of the order of 
10.5 +- - 4.0 .  The accuracy in this value depends on the accuracy 
of assumptions made above and on the correctness in the ratios 
of protons and helium to medium nuclei. Thus, the estimated 
e r r o r  in the ratio of protons to helium is large and incorrect. 

The average ratio of helium to oxygen 

According to the estimates of Suess 
- 

Due to several facbr which are delated to the 

3 )  Hoyle and Taylor [51] pointed out that the low order of 
the ratio of hydrogen to helium obtained by the above-mentioned 
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method along with other similar ratios observed for other 
cosmic objects does not agree with the ratios expected from the 
assumption that the relative abundance of hydrogen and helium in 
the Universe is mainly determined by the processes going on in 
the ordinary stars.  
litates the assumption that the density of matter in the Universe 
was more in the past than at present. 

Hoyle [52] considers that this result faci- 

4 )  Since the mechanism of propagation has a similar 
effect on particles with the same charge to mass ratio, the 
similarity in the energy spectra of helium and medium nuclei 
and the constancy in the composition of multiple-charged nuclei 
a re  probably the properties of particles at the end of the accele- 
ration phase. In order to explain these effects, it is conve- 
nient to consider Fermi's  acceleration mechanism [I. 57; 531. 
Hayakawa et al. [54] concluded that the Fermi  process is  the 
dominating process during the acceleration of nuclear particles 
in the non-relativisitic region. It was shown earlier (Biswas 
et al. [21]) that, in general, the spectrum, simultaneously 
depending on the velocity and rigidity of particles, can be ob- 
tained as a result of Fermi  process and that the particles having 
low charge to mass ratio will have a steeper energy spectrum 
in the region of high energies. This modified Fermi  mechanism 
must lead to similar spectra for all  nuclei having the same 
charge to mass ratio; however, the spectra for protons and a- 
particles will be different, and this is  observed in actual prac- 
tice. 

Similarity of charge spectra of multiple-charged nuclei in 
solar cosmic rays is an interesting feature and this is due to 
important physical changes occurring as a result of significant 
changes i n  many other character istics of solar particles. 

Til l  this time, there is no proof of the fact that the re-  
lative abundance of multiple-charged nuclei in solar cosmic rays, 
in every case, reflects the composition of the solar photo- 
sphere. If future experiments confirm it ,  a reliable estimate 
of the abundance of helium. and neon will be obtained. 
theories of acceleration of solar particles must be in confor- 
mity with the composition of multiple-charged particles reflec- 
ting the composition of the solar atmosphere while theories 
on the evolution of the Universe must conform to the observed 
hydrogen to helium ratio. 

Moreover, 
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9 .  3 Isotopic composition of solar nuclei. By this time, 
some amount of data has  been obtained on the isotopic composi- 
tion of only hydrogen and helium nuclei . * 

A s  mentioned earlier,  protons constitute the largest  part 
A number of experiments were of single-charged solar nuclei. 

conducted in earlier years  to detect the possible existence of 
deuterons and tritons. 

Based on the data of rocket measurements obtained during 
September 12,  1960 flare event, Biswas et al. [21] showed that 
the fraction of deuterons with respect to protons i s  less than 
3x10-3 in the range EC = 25-48 Mev/nucleon. 
basis of data of July 18, 1961 flare event, Waddington and 
Freier  [I. 281 found an upper limit of this ratio to be equal to 
Z X ~ O - ~  in the range &&250 Mev/nucleon. Both these experi- 
ments were conducted with the aid of photoemulsions. 
ing to the observation of Balasubramanyam et al. [ 2 9 ] ,  the ratio 
of deuterons to protons was equal to 5x10-3 for protons with 
8% = 5-75 Mev and deuterons with e+= 20-100 MeV. This ratio 
was observed during the two events viz. ,  February 5 ,  1964 and 
March 16, 1964. Since the particle spectrum rapidly decreases 
with energy, this ratio in the same interval of energy per nuc- 
leon will be'slightly less  than 5 ~ 1 0 - ~  but it will still  have some 
finite value. 
telescope of scientillation counters abroad the satellite "IMP- 1" 
It is .important to mention that extremely low solar activity, 
approximately equal to zero, coincided with the last two events 
when deuterons were actually recorded whilk the other two 
events were caused by powerful solar flares. 

Later,  on the 

Accord- 

Measurements [29] were made with the sid of a 

The finding of another isotope of hydrogen, namely, tr i-  
tium, in the composition of solar cosmic rays is of great 
interest. Small amount of tr i t ium was detected by the radio- 
chemical method in the casing of the satellite "Discoverer-17" 
which was brought back to the Earth, and from an analysis of 
the data of rocket measurements on September 12, 1960 
(Fireman e t  al. 1301 Tilles et  al. [31]). The observed flux of 
particles consisted of tritons temporarily trapped in the radia- 

* Recently B .  M .  Kxzhevskii [166J studied the possibilif ofgeiieration of 
radioactive isotopes of heavy nuclei; especially of Re Y and Cos6 (see the 
remark on page as). 

129 



L.I. DORMAN AND L A  MJROSHNICHENKO 

tion belts and found in the satellite material, and of tritons 
apparently existing in galactic cosmic rays. It is  difficult to 
make a quantitative estimate of the abundance of tritons due to 
the lack of direct observations of the integral flux of protons 
during the flight of the satellite "Discoverer-17". 

Considering most of the tritons to be of solar origin 
(T illes et al. E311 ) and taking the integral flux of protons with 
647 30 MeV within the limits from 109 cm2.sec-1 (according to 
the estimate based on riometer data by Biswas and Fichtel [37] 
and on data of direct measurements made several times during 
November 12 ,  1960 flare) to 4x109 crn-2 sec-l  (according to the 
estimate made by La1 et al. [I. 291 by the radiochemical method), 
we find the triton to proton ratio to be equal to ( 1 - 4 ) ~ 1 0 - ~  at 
E 1 7 3 0  Mev/nucleon. On the basis of the radiochemical ana- 
lysis, La1 et al. [I. 291 arrived at the conclusion that more than 
80% of the recorded tritons were secondary and hence, the ratio 
of tritons to protons in the region E4?30 Mev/nucleon should 
apparently be reduced to 2x1 O-4. 

Based on rocket measurements obtained during the Novem- 
ber  12, 1960 flare event, Tilles et  al. [31] found the integral 
flux of tritons to be of the order of 8x104 cm-2. sec- l  i ir  the 
energy range of 0-27 Mev/nucleon. For  the same flare, accord- 
ing to the data of rocket measurements made by Ogilwie et al. 
[55]  with the help of scintillation counters the integral flux of 
protons was found to be 8 ~ 1 . 0 ~  cm-: sec'" i n  the energy range of 
2-27 Mev/nucleon. It follows from this that the ratio HT/H1 ,b 

lished by direct measurements, taken by Biswas et al. [21] with 
the aid of photoemulsions in the same rocket on November 1960, 
that the upper limit for the f l u x  of tritons i s  equal to 0.7 em-; 
sec-?  sterad-l  in the range 6 ,  = 20-45 Mev/nucleon. 
intensity of protons measured in the same experiment and €or 
the same energy range was equal to 0 . 9 ~ 1 0  cm-2. sec-1. sterad-1. 
Thus, the ratio of tritons to protons in the range 20-45 MeV/ 
nucleon is either less  than o r  equal to During July 18, 
1961 flare event, Waddington and Fre ie r  [I. 281, while making 
emulsion measurements on balloons, established the upper 
limit of this ratio to be 0. 6 ~ 1 0 ' ~  in the region E 2 5 0  MeV/ 

0, nucleon . 

for particles withe& = 0-27 Mev/nucleon. It was estab- 

The 
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Thus, all the available experimental data show that the 

10-10 

ratio of deuterons to protons in-solar cosmic rays in the range 
I 2 

Plied by I O m 3  or less while the ratio of tritons to protons is 
probably less  than 1 O-3. 
f rom zvent to event and therefore, it is not surprising that the 
limit obtained for one event may b e  more rigid than that obtained 
for another event. 
change depending upon the velocity range. 

Mev/nucleon is a value that is a’few times multi- 
- 

These ratios can. apparently change 

Moreover, these ratios should obviously 

Waddington and Fre ie r  [I. 281 described an experiment to 
measure the relative abundance of hydrogen isotopes in  high- 
energy particles generated during July 18, 1961 solar flare. 
Since the theory and method adopted to study the isotopic com- 
position of solar cosmic rays,  is of great interest, we will 
consider this work in more detail. The results of study of th& 
isotopic composition, obtained by other authors, will also be 
discussed simultaneously. 

’ 

It was shown by observations of Biswas et al. [I. 241 and 
Biswas and Fichtel E361 that the content of deuterons and t r i -  
tons in the range e ~20-200 Mev in solar cosmic rays 1s very 
low. From the’above, it was immediately expected that the 
ratio of number of deuterons to that of protons having a velocity 
greater than rdp (>v)  (or correspondingly, the energy per 
nucleon greater than the given rdp  (>& wi l l  be certainly less  
than 5x1 0’2 whereas the slmilar’ratio for tritons should be. still 
less .  
very much necessary either to study the traces of a large num- 
ber  of particles at high permissible masses o r  to expose the 
detectors under such conditions when these ratios a r e  large. 
If this increase cannot be measured in practice, then it means 
that the measurement of these small ratios is beyond the limits 
of the resolving power of the existing counting detectors and 
they can only be measured with the help of nuclear photoemul- 
sions with extremely complex experimental techniques. How- 
ever, If the detectors a r e  exposed in the presence of a geo- 
magnetic field, then there may be circumstances under which 
there is a possibility of a considerable increase in the value of 
these ratios. 

- b  

Therefore, in order to measure r d p ( 7 ~ ) o r  rtp(=.~) ,  it i s  
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Since deuterons and tritons have a charge-to-mass ratio 
different from that of protons, they a r e  slibjected to geomagnetic 
cut-off action differently and can penetrate to a given geo- 
graphical point at  a velocity less  than that of protons. Conse- 
quently, the corresponding select ion of geomagnetic threshold 
should. in principle, make it possible to observe a pure beam 
of deuterons and tritons without any proton contamination within 
a specified velocity range. 

As a matter of fact, the geomagnetic thresholds deter-  
mined experimentally a re  not very accurate. Even then, accord- 
ing to Earl  [12], they have a tendency to decrease according to  
an exponential law and as such the differential intensity dI at 
some magnetic rigidity R,  which is less than the rated cut-off 
rigidity (threshold) R,, is determined from the formula 

where dIo is the differential intensity in the absence of geo- 
magnetic field. In order to calculate these ratios, it is  neces- 
sary to study the distribution of solar cosmic rays according to 
their velocities . 

It was shown by F re i e r  and Webber [ 6 ]  that, In general, 
this distribution is best observed with the help of rigidity spectra 
in the exponential form I = Io exp ( -  R / R o )  where Ro and Io a r e  
constants. Fm-ther, Io is a function of mass number A while 
Ro, generally speaking, does not depend on A at least for prs-  
tons, a-particles and heavier nuclei. Consequently, the value 
of Ro can approximately considered t o  be the same for deuterons, 
tritons and protons. This is the basic assumption in subsequent 
analysis and Ro is considered to be independent of mass niii-nber. 
The  value of Ro was experimentally measured at least for two 
components during about 20 different events (Biswas and Fichtel 
[36], Fre ier  and Webber [6], Fre ier  [lo]). 
events, Biswas and Fichtel [36] detected a significant change in 
the values of Ro for different components. 

Only during two 

Based on the above-mentioned assumption, the differential 
intensity of protons at a given rigidity can be  represented in the 
form 
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Id/kiR), = - 0 (fo,&,) exp (- R!&), (9.4) 

where Iop is the corresponding value of Io for protons and @ is 
the attenuation coefficient of intensity caused by the geomagnetic 
field; in accordance with equation (9. 3 )  @ = 1 at R 7 R c  and is 
determined by the exponential exp [-P(Rc-R)] a t  R -d Rc. 
Similar expressions can be written for deuterons (dI/dR)d and 
tritons (dI/dR It by replacing lop by Iod and Iot respectively. 

Measurement at high altitudes show that different particles 
have rigidities which, on extrapolation to the atmospheric 
boundaryc extend from the value of atmospheric cut-off rigidity 
to some maximum value determined by the procedure of identi- 
fying the particles. 
protons a r e  denoted by Ra (p) and R,(p), the total intensity of 
observed protons AIp will be defined by the expression 

If these lower and upper limiting values for 

( 9 . 5 )  

Similar expressions could be written for total intensities 
of deuterons and tritons with notations Ra(d) and R,,(d), R,(t) 
and Rm(t). 

It can be concluded from tJhese relations that the observed 
ratio of deuterons to protons 
ratio at  rigidity higher than  the given rigidity 

rdp = &&lp is related tP .the 

f (>R)  = (Iod/Iop) by the relation, dP 

where 5 = f3-(l/Ro) 

The observed,rdtios of tritons to protons a r e  related to 
the ratio 
similar expression but Ra(d) and Rm(d) a re  replaced by Ra(t) 

r ( G R )  for  the-rigidity higher than the given one by t P  

1 3 3  
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and Rm(t). 
and Rm(t )  is less than Rc, equation (9.6)  o r  the similar relation 
for rtp is simplified. 

Obviously, i f  each of the parameters Rm(p), Rm(d) 

.c 

I z 

These values of L p  and f i p  can be compared with those 
which are  obtained i n  the absence of the geomagnetic threshold: 

(9.7) 

Thus, considering the ratio f$ determined by the formula 

= c f p  I Tdlp 
with without threshold thres held 

along with the similar expression for  tritons, it i s  possible to 
get  the measure of cut-off rigidity. 

Value of rd, ( 7  R)  is related to the ratio r&p (>E ) at 
energy per nucleon higher than the given one by the equation: 

1/2 
where IT = {&a(d) [ ea(d) -I- 2moc2]) 
mass and charge numbers for a deuteron. Similar expression is 
applicable also for  r td (  > & ) on replacing &a(d) by &,(t) and 
Ad, z d  by At, Zt respectively. 

and Ad and Zd are the 

In order  to  apply the above relations to a particular event, 
one of the piles of photoemulsions meant for studying solar  
cosmic rays  was exposed over Minneapolis on July 18, 1961. 
This pile drifted in the stratosphere during 1535-1750 U T  at an 
altitude with average residual thickness of the atmosphere 
equal to 6 gIcm2. 

Protons and a-particles, generated by a solar f lare  and 
recorded by photoemulsion, were studied ear l ie r  by Freier [lo]. 
It followed from these measurements that p=7.3, Rc = 0.80 Gv 
and Ro = 0.16 Gv. It may be mentioned that, according to the 
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observation of Fre ie r  and Waddington [I. 281, In the rigidity range 
of interest in this experiment, the htensity of solar particles 
was at least  by two orders  more than the intensities of corres-  
ponding quiet beam of cosmic ray  particles whose efdact can be 
neglected to a large extent. 

The emulsions were thoroughly studied along the line 1 c m  
below the edge of tracks of particles having zenith angle C 26O 
and azimuthal angle 4 4.5O. 
necessary in order to get the residual region at least  about 2 rnm 
on the reference line. 
0. 97 Gv were obtained for Ra(p), R,(d’) and Ra(t) respectively 
whereas the values of 102, 69 and 54 Mev/nucleon were obtained 
for energies E a(p)a &,(dl and &,(t) respectively. 

Such a selection of tracks was 

A s  a result, v-alues of 0.45, 0.63 and 

A s  mentioned above, the selection of tracks also facilitated 
elimination of tracks with grain density less than 20 grains/lOO p 
although the procedure, in the long run, assumed that only 
tracks with density more than 22 grains/lOOp should be taken into 
consideration. 
were equal to 174, 154, and 147 Mev/nucleon respectively. F r o m  
this, we get the value 0.60, 1.12 and 1 .65  Gv for R,(d) and 
Rm(t 1 respectively. 

The values obtained for E,(p), E, (d )  and E,(t) 

Each particle was studied by measuring the ionization, i. e., 
the grain density at the scanning line. 
the emulsion till the particle stopped o r  up to the point where 
the particle gave r i se  to nuclear fission, left the pile o r  got 
reflected in the opposite direction. 
with those which originated during interactions below and zbove 
the scanning line and those which gave r i se  to interaction above 
the scanning line were not taken into consideration as they were 
assumed to be secondary particles. Out of the remaining 162 
tracks,  16 were easily identified with tracks of a-particles, and 
the remaining 146 corresponded to particles with Z = l  (130 of 
these stopped in the emulsions). 

Its path was traced down 

These latter particles along 

- - As a result of this processing the values = 3.16~10-2 
and rk p = 7.  1x1 0‘3 were obtained. 

f o r  the ratio of tritons to protons under the conditions of the given 
experiment, we get 
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(9 .9)  

The value of parameters @d and 
respectively. It can be seen fro s that the experiment 
corresponds to observation of a beam of 700-550 protons. 
obtained values of r ( > R )  and rtp( > R) a r e  equal to 
I. k 1 Q - 2  and 2.8x102 respectively; 

a r e  equal to 5. 1 and 4. 0 

The 

- 
dp(  >R) for energies higher than 69  Mev/nucleon 
1 . 7 8 ~ 1 0 - ~  

pectively. 

It follows from the equation (9. 8 )  that rap(  3 

r ( 7 R )  for energies 7 54 Mev/nucleon an t P 
dp ( 7 E  ) and tp(’7&) a r e  equal to 1 . 4 ~ 1 0 - 4  res -  

All these values should be the upper limits as no correc-  
tions have been introduced for generation of secondary deute- 
rons or tritons in the upper atmospheric layers. The presence 
of secondary particles imposes limitations on the values of the 
ratios obtained by the above-mentioned method since the inten- 
sity of secondary particles cannot be  calculated with sufficient 
accuracy . 

Secondary deuterons may be formed during nuclear 
interactions in at least three different ways. First ly,  according 
to Cocconi et al. [56] and Butler and Pearson 1571, deuterons 
with energy approximately equal to that of the bombarding pro- 
ton may be formed as a result of semielastic impacts with 
quasideuterons in nuclei. Secondly, the high-energy tail of the 
process of nuclear evaporatfton gives r i s e  to deuterons with 
energy slightly less than that of the bombarding proton. Thirdly, 
deuterons will be produced during nuclear collisions of a-parti- 
cles mainly in the form of fragments of the bombarding a-parti-  
cles. 

The relative role of these effects depends upon such 
parameters a s  ra te  of fragmentation and rate  of generation 
wbich at present a re  not known correctly. 
use of the best available values and assuming that the generation 
is totally caused by solar cosmic rays,  i. e . ,  neglecting the 

Even then, making 
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role of galactic particles, it can be expected that the value of 
r d p ( 7 R )  for secondary deuterons is  of the order  of 1 . 5 ~ 1 0 ' ~ -  
Thus, the results of this experiment testify to the absence of 
deuterons in solar cosmic rays because of which the above- 
obtained value fo r  rip( > & ) = 1 . 4 ~ 1 0 - 3  is the upper limit. 

In the case of tritons, calculation of the expected role  of 
secondary particles is still more uncertain since, a8 a matter 
of fact, nothing is known about the values of the required para- 
meters. Even then, it is  clear that Dne particle can always be 
of secondary origin. Therefore, the above obtained value of 
rtp( 7 E )  should be considered to be the most probable value 
as the upper limit. 

At present, only three experiments dealing with measure- 
ment of the composition of solar cosmic rays a r e  known. 

The f i r s t  one was particularly devoted to the study o f the  
problem of probable absence of Be and B nuclei (nuclei of L 
group) in solar cosmic rays. 
measurements conducted by Biswas and Fichtel [36] on geo- 
physical rockets during November 12 and 15, 1960 flares, not 
less than 100 heavier nuclei with 6k-43 Mev/nucleon were 
observed for every L-nucleus. 
that heavier nuclei passed through the substance (hydrogen) 
layer 'I 0.15 g/cm2 atom/cmZ) from the t ime when their 
energy increased to a few Mev/nucleon till their measurement, 
Independent estimates of Biswas [I. 571 from the same data 
showed that the mean, free path cannot be more than 0.1-0.2 
g /cm2. 

According to photoemulsion 

This. result allows us to assure  

The second experiment consisted of the observations of 
Fireman et al. [30], Tilles et al. [31] and Flamm et al. [58] 
who, with the help of radiochemical methods, detected notice- 
able amount of tritium in the casing of the satellite "Discoverer- 
17" after its irradiation by particles generated during Nove 
12, 1960 flare. 

It was shown by the authors [30, 311 that the observed 
amount of tritium was considerably more than that expected due 
to local nuclear fissions in the material of the satellite casing. 

137 



L.I. DORMAN AND L,L MWOSH'NICHENKO 

This conclusion was doubted upon by, for example, La1 et al. 
[I. 291. . 
[30, 311 i s  the upper limit of the actual value at energies > 30 
Mev/nucleon. 
value rtp( )E) = 5x10-4, obtained by Waddington and F re i e r  
[I. 281, does not agree with the above-mentioned value [30, 311 
even on taking the difference of energy ranges into account. 

Possibly, the value rtp( > G ) = 4x1 0-3 obtained in 

This assumption is confirmed by the fact that the 

I t  is seen from equation (9.8) that, if R o  is taken to be 
the same for two, flares (which assumption, as  known earlier,  
has no basis), it is possible to get r3p('E= 30 Mevhucleon) = 
4x10-3 o r  rtp( Z R )  Z 8 ~ 1 0 " ~  in place of the observed value rt,( > R )  4 2.8~10'2. Nevertheless, if three tritons had been 
recorded4n place of one and if all the three tritons had been 
the primary ones, then there would not have been a n y  contra- 
tion that though the comparison given here  is absolutely for 
different flares, as is well known, there is  a considerable dif- 
ference in the composition of solar'cosmic rays for different 
flares. 
different cases change at least  from 1. 0 to 0. 03. 
natural to think that such changes a r e  observed for rt,( >R) as 
well. During November 12, 1960 flare, the ratio ra ( > R ) ,  

[36] and Ney and Stein [I.82], was approximately equal ta 1. 0 
while in July 1961 Fre ie r  [lo] obtained a value of aboik'O. 17. 

For  example, the observed values of rap( 7-R) in 
Hence, it is 

according to the measurements made by Biswas and F U t e 1  

As already known, deuteron does not differ from a-parti- 
cles in rigidity. Therefore, it can be expected that- the tendency 
to change the ratio should be obs&ved for rdp(>R) and possibly 
for GP( > R )  as well since tritons a r e  subjected to the effect of 
magnetic field to a lesser  extent than a-particles. This effect 
could satisfactorily explain the divergence between the results 
of Waddington and Fre ie r  [I. 281 and measurements on the 
satellite "Discoverer -17" [30, 31, 581. 

Measurements made by Schaeffer and Zahringer [I. 561 
represent the third and the last  experiment described here. The 
authors [I. 561 detected a large relative amount of He3 nuclei in 
the material of the same satellite "Discoverer-17". .The inter- 
pretation of the obtained data is not unique owing to the diffi- 
culties in introducing the necessary corrections for the genera- 
tion of secondary particles. The authors [I. 561 confirm that the 
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ratio He3/He4 = r ~ ~ 3 / ~ ~ 4  ( > E  ) 
probably correct with an accuracy up to a multiple of 3. Biswas 
[I. 571, however, puts forward arguments facilitating the assump- 
tion that the actual value of this ratio is  most probably less  than 
10-2. The reason is that Schaeffer and Zahringer measured the 

If most 
of the recorded particles a r e  primary, the concentration of He3 
obtained in [I. 561 is certainly high since the effect of the sharp 
energy spectrum must predominate over the effects of the change 
in geomagnetic cut-off during satellite displacement, i. e. , the 
flux of He3 should rapidly decrease with depth. Moreover, the 
number of He3 nuclei in this experiment corresponds to the flux 
which according to  Biswas et al. [28], apparently i s  10 times 
the flux of helium nuclei in the energy range of 40-105 MeV/ 
nucleon, namely 4x107 cm-2.sec-1. Most probably, because of 
these differences, at present, there i s  no point in assigning a 
particular value to He3/He4 ratio. 

0. 2 and that this value is 

concentration of He 3 at large depths in the substance. 

Stable quantities of tritium and He3 nuclei in the solar 
atmosphere are  not known but they must be significantly less than 
those obtained in the above-mentioned experiments. 
quently, in order to explain the presence of considerable amount 
of these particles, it is necessary t% find out certain mechanisms 
of their generation. 
explanation results in the assumption that these nuclei a r e  
fragments of high-energy a-pakticles and heavier nuclei gene- 
rated in'nuclear, interactions during their transmission through 
the solar atmosphere and the interplanetary medium. 
effect of heavy nuclei c d  essentially be negqlqcted since their 
abundance with respect to a-particles is only about 2%.  
the fragmentation of a-particles i n  the medium, mainly con- 
sisting of hydrogen, is a possible process of generation of He3. 

Conse- 

At the first glance, the most reasonable 

The 

Thus, 

The amount of substance which a-particles must pass 
through in order to  give rtp(7& 1 - 4 ~ 1 O - ~  was estimated by 

(8x1023 atom/cmZ), which, with great probability, can be in- 
creased by 5 times. Similar estimates of Fireman et al. [30] 
give a value of about 10 g/cm2. 
agree with the results obtained on L-nuclei. Moreover, the 
expected value of Gp(>&)  must be of the order of 8x10-2 in 

Biswas [I. 571. These estimates give the lower limit-- 1. 3 g /cm 2 

These values apparently do not 

1 39 



L.I. DORMAN AND L.I. MIROSHMCHENKO 

place of the actually observed value & 1 . 4 ~ 1  O - 3 .  
is too large to be explained by the mechanism which leads to a 
change in rdp( > R )  by 6 times for the two flares under reference. 
Nevertheless, i f  the mean free path is less than 0.15 g/cm2 as 
it follows from the absence of L-nuclei, %,( 7 6 )  must be 6 ~ 1 0 ' ~  
It contradicts the observed limits if one considers the difference 
i n  flares. 
the above-obtained ratios only by fragmentation process. 

The difference 

It is clear from this that it is not possible to explain 

To this end, Fireman et al.[30] put forward the assump- 
tion that the observed nuclei of H3 and He3 originate as a resul t  
of thermonuclear reactions in the solar atmosphere near the 
region of the flare. On the basis of the measurements on the 
relative amount of isotopes of H3 and He3 in the casing of the 
satellite "Discoverer-l7", Flamm et al. [58]  showed that the 
amount of H3 and He3 is by two orders higher than the value 
which can be explained by fission of the casing material. 
this as well as from the data on fluxes of protons and a-particles 
during November 12, 1960 flare event, it follows that H 3  and He3 
could have been formed in the chromospheric flare as a result of 
the reactions He4(p, 2p)H3, He4(p, pnHe3 and He4(p,d)H3. 

F rom 

The reactions as suggested above would also lead to the 
presence of deuterons whose amount is comparable or more than 
the content of tritium although cross  section of the corresponding 
processes is  not known. Deuteron can be generated in the reac- 
tions Hl (a ,d )  He3 with cross s:ction Q c 25 millibarn at an 
energy of 30 Mev and is destroyed by the secondary reaction 
Hl(a ,  pn)H1 with cross s e c t i o n ~ s 2 5 0  millibrarn. 
be formed in the reaction H l (  a, tp)H 
destroyed in the reaction H1(t,n)He3 at c ~ 2 5 0  millibarn. 

Trit ium can 
at z l 0  millibarn and is 

As a result of these reactions, it would be possible to get 
rdp( > & = 30 Mev/nucleon) = 10-2 at  rtP( 7 & = 30 Mev/nucleon) 
= Consequently, rdp( & =  69 Mev/nucleons) must be of 
the order of 5 ~ 1 0 ' ~ .  If the observed differences i n  rap( 7 R )  for 
the two flares under reference are taken into consideration, these 
values, though more than the observed limit of rdp( 
N 1 . 4 ~ 1 0 ' ~ ,  a re  not large. 

& ) 

The nature of the above-mentioned nuclear reactions is 
not fully clear. It is however.known that these reactions a r e  
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extremely endothermic and have thresholds of about 20 MeV. 
From this, it becomes necessary that, if the reactions a re  of 
thermonuclear nature, the local temperature should be more 
than 1011 OK. Obviously, such reactions a re  possible in the 
region of the flare where the initial density i s  sufficient to stop 
the acceleration of a-particles and heavier nuclei due to ioniza- 
tion losses which are  more than the increase in energy, and 
where protons can get accelerated and give r i s e  to nuclear fis- 
sions. If, subsequently, the density in this region decreases, 
additional acceleration of all  the heavier nuclei becomes possible 
and thus, it is possible to explain the observed results. 

After a thorough analysis, Waddingtm and Fre ie r  [I. 281 
arrived at the following conclusions: 

1. Relative abundances of H l ,  H2, H 3  and He at a rigidity 
higher than the given one, observed near the Earth during the 
July 18, 1961 flare, a r e  defined by the following values: 
1 : 1 . 4 d O  2 : 2 . 8 ~  1 0 - 2  : 0.1 7 and 1 : 2x1 0' : 6x 1 0'4 : 2 . 4 ~  1 0' 2 at  
750 Mev/nucleon respectively (only the upper limits of the ratios 
a r e  given). 

2. The observed upper limit fo r  rdp( ' 78  1 is too low to 
associate it with the abundance of tritium and He3 nuclei, which 
a r e  observed in other experiments if these nuclei originated in 
the fragmentation process. This conclusion is in  agreement 
with the one based on the observations o n  mass spectrum for 
low - char ge nuclei. 

3 .  
I961 flare does not agree with the estimates of other authors for 
November 12, 1960 flare even though one takes into account the 
difference in the energy thresholds and characteristics of the 
flares. 

The upper limit of the value of Gp( >E. ) for July 18, 

4. The value rdp( > e ) 5 1 . 4 ~ 1 0 - 3  is in agreement with 
the assumption made by Fireman et  al. [30] about the thermo- 
nuclear processes in the acceleration region of the flare on 
taking into consideration the obvious difference in the above- 
mentioned flares. Nevertheless, the physical processes, re -  
lated to generation of particles, a r e  not: .still very clear.  

141 



L.I. DORMAN AND L.I. MIROSHMCHENKO 

It should be pointed out that there would have been no 
necessity to consider the above-explained nuclear reaction 
had the actual ratios been noticeable less than the upper limits 
obtained here. 

In order to understand the complicated processes in solar 
flares, it is necessary to correct the values of kp and rtp by 
recording solar cosmic rays over the atmos$here (to reduce the 
rate of recording particles) with the help of detectors having 
high permissible masses and by takirrg into consideration the 
geomagnetic cut-off rigidity. 
cut-off threshold and form of the spectrum can and must be  
measured by qne and the same detector o r  inany case,  at the 
same time. The other ratios of the type rap and r ~ ,  should 
also be measured for  the same events. 

In this experiment, the effective 

9 . 4  Increase in the intensity of heavy nuclei. It was 
shown in the previous Section that the relative charge composi- 
tion of solar particles, in general, reflects the abundance of 
corresponding elements on the Sun. This fact indicates that the 
mechanism of acceleration of heavy nuclei, put forward by A. A. 
Koschak and S .  I. Syrovatskii [59], is not effective on the Sun. 
On the other hand, the group of research workers under the 
guidance of L. V. Kurnosova [I. 20; 601 observed for  the first 
time a short-lived increase in the intensity of mainly heavy 
nuclei ( Z  315) during the flights of Soviet cosmic roFkets and 
satellites (1959-60). 
cally did not change. 
satellite "Elektron-2", some of which,according to L. V.  Kurso- 
nova et al. [61], were accompanied by flares of solar X-ray 
radiation. 

The flux of protons in these cases practi- 
Similar events were also recorded on the 

Observations on satellites "Elektron-2" and "Elektron-4" 
also helped to detect the increase in the flux of nuclei with 
Z >/ 15 of duration ranging from a few hours to a few days. 
of such events is described by A . A .  Suslov and I. P. Tindo [62] 
(also see the work of L. V. Kurnosova et  al. 1631 ). 

One 

The authors [I. 20, 60-631 made the assumption that the 
observed effects are related to the appearances of solar activity, 
namely, to chromospheric flares. 
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It is interesting to mention that the nuclei of €3 group 
(2 >, 10) car ry  about 3% of the total flux of nucleons in galactic 
cosmic rays. 
nuclei by one order will correspond to a significant increase in 
the total flux of nucleons. 
nuclei i s  sufficiently large,  an attempt can be made to find out 
simultaneous effects in ground measurements. 
was,made by B.M. Vladimirskii (641 who analyzed the data of 
world network of stations on nucleon composition of cosmic 
rays (two-hour values, corrected for barometric effect were 
used) for the cases of increase in the flux of H-nuclei during 
1959-60 (Table 9.6).  

Therefore, an increase in the intensity of such 

If the energy of additional flux of 

Such an attempt 

The first  four flares on September 12-13, 1959 were 
selected for study. 
after the commencement of magnetic stofm the intensity of 
cosmic rays changes and this makes it very difficult to observe 
small effects. 
1 and 2, a significant increase in  the intensity which is much- 
more than the statistical e r ror  of f 0.2% is observed i n  the 
shock zones. An increase is' observed in flare 3 as well but 
with a less degree of certainty. The effect of flare 4 on the 
Earth's surface is absent which is fully understandable when we 
consider the small amplitude of the corresponding increase in 
the intensity of heavy nuclei. 

The events 5 and 6 occurred at a time when, 

The analysis showed that, in the case of flares 

- 

Owing to the absence of data, it was rpt possible to ex- 
plain the presence of similar effects in the-meson component 
(there were only two stations within the limits of the shock 
zone for the event 2 -Ottawa and Huancayo). 

Due to small increases, it was practically impossible to 
evaluate the energy spectra of the nuclei. However, since the 
effect was observed at the station with vertical cut-off rigidity 
of 12  Gv , the spectrum should obviously be extended much above 
5 Gev/nucleon. 
the solar ionosphere on September 12, 1959 from which it 
follows [64] that the intensity of nuclei Z 2 15 during the flare in 
the energy range 35-40 Mev/nucleon was apparently not more 
than - 3x103 crne2. sec-2, sterad-1. 
measurements [I. 20; 601 were taken a t  &k7500-600 MeV/ 
nucleon and that the flare corresponded to an intensity of about 
5x10-4 cm-?. sec-1. sterad-I. 

On the other hand, no effects were observed in 

It should be noted that the 
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The small increases i n  the intensity of nucleon component 
observed by Vladirnirskii et al. [64] a r e  very much similar to 
the small effects of chromospheric flares detected by F re i e r  
[I, 71 and thoroughly studied in subsequent years (see Chapter 11). 
Therefore, it is necessary to  explain if the observed increases 
a r e  related to chromospheric flares. 
was done on the basis of two-hour data on inten 
observed on ground might not be related to nucl 
the other hand, comparison with flares,  made by E. V. Kurna- 
sova et aP. [I. 201, is not very satisfactory since the authors 
[I. 201 considered the time taken by particles to cover the dis - 
tance between the Sun and the Earth to be  approximately equal 
to zero and tried to compare the obtained. data with radio out- 
bursts in the meter band during the development stage of noise 
storms. As applied to the given case,  it is important to men- 
tion that (1) the increases in &e intensity of cosmic rays due to 
chromospheric flares, recorded at the sea level, in stratosphere 
and outside the magnetosphere always lag b 
commencement of chromospheric flares by 
the delay does not depend on the size of the effect; ( 2 )  indepen- 
dent of magnitude of the flare,  the effect in cosmic rays is 
observed only in the case when there is  an ionospeeric effect 
(i. e. when the flare emits'X-ray radiation 6 8A). This 
latter phenomenon is ,  as a rule, accompanied by radie out- 
burst in the centimeter range. 

Since the analysis [64] 

ind the time of 
10-60 minutes and 

Considering these facts, a whole complex of solar and 
geophysical data for  each of the cases mentioned in Table 9.6 
was studied in [64]. A thorough analysis showed that out of all 
the effects given in Table 9.6, only the August 20, 1960 flare 
event can be, with a significant degree of certainty, related to 
the chromospheric flare. Moreover, it is t4e only event when 
an increase in the intensity of protons was observed. Out of 
the remaining five events, noticeable Ha-activity was not 
observed a t  all  in two cases,  in the other two cases,  subflares 
were observed and in one case there was a flare of class 1. 
Ionospheric effects were observed in none of these cases. 

Thus small increases were observed by Vladimirskii e t  al. 
[64] at sea level with the maximum amplitude for only two 
nuclear flares and these increases a r e  undoubtedly related to 
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nuclear flares,  since there  were no solar f lares during this 
period. The effects were observed only in the shock zone and 
consequently, the Sun is the source of accelerated nuclei. In- 
creases  in the flux of heavy nuclei differ f rom the usual effects 
of cosmic ray flares due to abnormal nuclear tomposition and 
absence of Mw-energy particles. 
August 20, 1960 is most probably the effect of the flare. 
remaining cases have very poor relation with flares. It can be 
assumed that they a re  principally new effects related to some 
other phenokena of solar activity (qzick processes). There is  
a mention of such effects in literature (see the work of Koshiba 
and Schein [ 6 5 ] ) .  For  example, Ney and Thon [66] and Yngve 
[67] sporadically observed the daily effect of heavy nuclei. A 
careful and special study of the data of ground measurements 
will also possibly reveal such effects. Attention should be paid, 
for example, to the unusual effect observed by Gill e t  al. [68] on 
June 19, 1958 - an intensive increase in meson component near 
the equator a t  a hill station Gulmarg. In order to  relate these 
effects to solar activity, a detailed comparison with radio data 
by using the spectral characteristics of radiation along with the 
study of the data of optical observations have to be undertaken. 

Short-lived increases in the flu of nuclei with 2 .3  15 at  
2200 UT on January 31, 1964 and a t  0215 UT. on Februa'ry 14, 
1964 of duration of about 16 minutes a re  mentioned in the work 
of L. V. Kurnosova et al. 1611. Both the effects were observed 
when the satellite "Elektron-2" was at ,a distance more than 
6 .6~104 k m  from the Earth. The ground observatories did not 
record any active processes on the Sun during this period but 
the X-ray detectors aboard the satellite "Elektron-2" recorded 
two X-ray flares in the range of 2-1O'A which lasted for about 
60 and 30 minutes respectively (Fig. 9 . 5 ) .  
1964, an- increase in the flux of nuclei was recorded 2 minutes 
before the X-ray flare while the opposite picture was observed 
onTebruary 14, 1964. As the memory in the satellites takes 
rqcord once i n  every two minutes, the corresponding t h e 8  a r e  
knowm with an accuracy of 2 minutes. 
sidered that the increase i n  the flux of nuclei and the flares of 
&ray radiation were recorded practically simultaneously. 

The increase recorded on 
All the 

On January 31 

Therefore, it can be COR- 

Owing to the small dimensions of the Cerenkov detector, 
the number of nuclei with Z 3 1 5  at the time of &e increase in'n 
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Fig. 9.5. Increase in the flux of nuclei with Z 3 15 a 
radiation of the Sun in the range A = 2-10 
a) Jamcary 31, 1964; b). February 14,. 1964. 
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their flux was not large. Hence it is n e c e s s u y  to estimate the 
probability of an arbitrary increase in the counting rate  of the 
detector due to statistical fluctuation whose value is comparable 
to the observed increase. In both the cases under reference,  
the increase is characterized by transmission of 8 nuclei during 
t ,C 16 min at an average counting rate of 0.14 nuclei/min. 
According to the estimates [61], the probability of recor$ing of 
more than or  equal to 7 nuclei is of the order of 8.2~10- . Thus, 
there is a basis to consider that some of the observed events 
were not caused by statistical fluctuations: 

E. 

It is also possible to estimate the probability of arbitrary 
coincidence of the short-lived increase in the flux of nuclei and 
the flare of X-ray radiation. 

X-ray flares which increased the counting rate  by 100 
pulse/sec were recorded, on an average, once in every 20 hours 
during the period under reference. 
increase in the flux of nuclei ( 4 16 min) and duration of the time 
of growth of the X-ray flare ( 6 2 min) is taken as the permis-  
sible time, the number of arbitrary coincidences will be 0.1 
during 16 days. The probability of recording the two coinci- 
dences at such an average number is equal to 4.7~1 0'3 

If the total duration of the 

This estimate along with the conclusion about the non- 
statistical nature of the short-lived increase in the flux of nuclei 
makes it possible to consider the assumption [61] about the 
relation between the increase in the flux of nuclei and outbursts 
of X-ray radiation of the Sun to be true. 

Increase in the flux of nuclei on February 23, 1964, r e -  
corded on the satellite "Elektron-2", is reported in the work of 
A.A. Suslov 
incr eased by 
1964 whereas the-increase in the flux of nuclei with Z 
Z 3 5 did not go beyond the measurement e r rors .  'According. to 
S. N. Vernov et al. [69], no significant effect was observed i n  
the proton component of cosmic r ays ,  

I. P. Tindo [62]. The flux of nuclei with Z 
t14% as. compared to the value on Februar  

The period under reference is characterized by a high 
degree of solar activity. 
during this period a re  related to the radio-emitting region 

Most of the heliophysical phenomena 
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which is demt  
f eg ion apge as 

ary 24, occupied 
solar hemispher 
flares as well as the ejection of matter (on Febraaz-sy 23, 
ere observed during the period February 21 -26 ,  " 96'~~ 

Thus, one can assume 
23, Zg&4 is related to e ~ e ~ a t i o ~  of heavy 

cture of the February 23, 19 

bability of recording all  the 
eight increases (statistical fluctuations) during the whole of the 
observation time amounting to 2640 minutes, is of the order sf 
5x1 0-2. 

Thus, it can be assumed that at least some of thk observ 
increases a re  nonstatistical in nature. 
strengthened by the fact that some of the increases in the flux 
of nuclei coincided with outburst of  X-ray radiation. 
since a number of X-ray outbursts were recorded during the 
period under reference, it is important to estimate the probabt- 
lie of arbitrary coincidences of the increases in the flux of 
nuclei with Z 3 15  with X-ray outbursts. 
found to be low ( s  1 . 5 ~ 1 0 - 5 )  and thus, the assumption about the 
arbitrary coincidence of all  the increases in tke flux of nuclei 
and X-ray outbursts can practically be neglected. 

This assumption is 

However, 

This probability was 

Lastly, it may be mentioned that the most appropriate 
case of the increase in the flux of nuclei with 
with class 1 chromospheric flare which began 
February 23, 1964 (the f lux  of nuclei started increasing a t  
07.00-1- minutes). 
ing of the increase ($4 min) is related to the operation of 

The e r ro r  in the determination of the begin- - 
- 
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telemetric system sMce at  the given branch, inquiry period of 
the accumulated'information was of the order of 8 min. 
probability of arbitrary coincidence of the two phenomena in the 
given case is less than 10-5. 

The 

The above -mentioned estimates facilitate interpretation of 
the events, recorded on February 23-24, 1964. The events 
recorded are  the increases in the f l u x  of nuclei with Z 8 15 (o r  
a t  least a part of them). 
during a flare event with only heavy nuclei escaping beyond the 
limits of the solar atmosphere and also as a result  of retarded 
radiation of electrons similar to that shown in the work  of L. V. 
Kurnosova et al. 1161 for the cases of short-lived increases. 

The nuclei are  generated on the Sun 

Important results on the measurement of nuclei with 
Z 3 2 ,  2 3 5 ,  Za 15 ("Elektron-2") and Z 2 2 0  ("Elektron-4") 
during January 30, 1964 - February 9, 1965 a r e  summarized 
in the work of Ya. L. Blokh et al. [74]. 
tion phenomena, cases of the increases in the f l u x  of heavy 
nuclei were observed during this period. Almost a sudden 
Increase on August 20, 1964 in the channel with Z> 20 (Fig. 9.6) 
was the most significant observation. During the subsewent 
10 days, the intensity decreased gradually and remained higher 
than the average value for the period July-first half of August. 

In addition to modula- 

Significantly a low increase (3.5:1% during 10 days as 
compared to 5 4 t  -- 10% for Z >20 nuclei) was observed in Z >, 5 
channel; at the same time, even some deciease in the flux of 
nuclei was observed in Z 2 2 channel. 
nuclei i s  eliminated from the counting rate  in Z 3 5 channel, we 
obtain some increase in Z 3 5 channel which goes beyond the 
limits of statistical measurement e r rors .  According to the 
measurements of S. N. Vernov et al. [69] on the same satellites, 
an increase of the order of 1 %  was observed in the proton com- 
ponent. 
ground network of stations, also showed some increase which is 
difficult to explain by modulation effects. In it5 energy and time 
characteristics, it considerably differs from the increases in 
the flux of nuclei and protons observed during solar flares near 
the maximum of solar activity [I. 241. 

If the role of Z > 20 

Data obtained during August 20-30, 1964 from the 
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AW. hP. 
July 

Fig. 9.6 Data of 'Blektron-2" and 'Blektrdi4 "1741 m the measurement 
of flux of nuclei in July -September, 1964. 
a Z 3 2 ;  b)- Z 3 5; c )  Z 7 20 (thin lines). Thick lines - aver- 
age values of the counting rate during 10 dizys. 'Statistical e w o r s  
are shown on the left. 

During the August 20, 1964 event, mainly th 
tremely heavy nuclei increased while in the events 
[I. 241, protons contributed maximum to the additio 
cosmic rays. 
decrease in the flux of heavy nuclei with the passage of time. 
In spite of these differences, there a r e  some indications to assume 
that the August 20, 1964 effect was caused by the processes o n  
the Sun with predominant acceleration of heavy nuclei while the 
generation of nuclei in this case was obviously related to some 

mpar atively sudden heliophys ical phenomenon observed on 
ugust 19, 1964. 

Another difference lies in the extr 

The month of July 1964 was characterized by 
the minimum solar activity. A few class 1 flares were observed 
in August (including the one on August 19). In contrast to other 
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days, a sufficiently powerful outburst of radioemission of type 
III on frequencies of 23-1 11 MHz was recorded on August 19. 
This r a r e  phenomenon was the only case during the period 
April-November 1964. Moreover, the ejection of matter was 
observed for a few hours on August 1 9  from the same region of 
the Sun where the flare had taken place. 
SUn bt observed from 
"E 1 4" till  August 19, 1964. 

Such ejections on the 
e beginning of the flight of satellite 

Increases by 1421% in Z 

mber 28 tsNovembe 1 ,  1964. This event also cannot be 
cterized as modulation pheno~enon since, according to 

2 channel, 7 + - 3% in Z 3 5 
20 channel were observed from channel and 324- 23% in Z 

[63, 641, there was no noticeable increase in the f l u x  of protons 
During November 18- 19, 59 Mev during this period. 

increase in the flux of heavy nuclei was 101- 1 % 
O +  3% (Z 3 5) and 80+ 25% (Z 

on Novembe; 3, to 011 5 U T  on Governbe 
of very heavy nuclei was observ'ed, The probabil 
increase was caused by statistical fluctuations is 

0). F r o m  2140 U T  
1964, an outburst 

It should be noted that the above-mentioned events have 
some characteristics common w the sho r t - l i v~d  increases in 
the nuclear component of cosmic rays Served d-hg 1959-60 
(predominant acceleration of heavy nu i, correlat.i.dn with 
solar phenomenon particular1.y with radio outbursts$, 

nuclei facilitates the assuvption thatp 
these effects may be caused not by chromospheric flares but by 
some other, more r a r e  and unusual processes on the Sun, 

Thus, the analysis of increases i n  the intensity of heavy 
i n  most of the casess 

B.M. Kuzhevskii e t  al. 1751 made a comparison of the 
data on the cases of predomina ation of heavy nuclei on 
the Sun, obseryed by L.V. Kurnosova et  al. 1631 during the 
flight of the satellite nElektron-4°0, with the results of obser- 
vat io ns takgn by the satellite during the same 
period on the ionizing capacity of particles. The ionization 
chamber, filled with argon at a pressure of 8 atmospheres, with 
a geometrical factor of 1500 cm2,sterad was used on the satel- 
lite iEKosmos-25'6. The ionization, remaining in the chamber 
after the passage of a specific number of particles through it, 
was measured 

, 
This method facilitated the measurement of 
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integral ionization of primary beam per particle independent of 
the value of the flux of particles. Integral ionization, measured 
in this way, depends only on the charge composition and energy 
char act eri  s tic s of radiation. 

it became apparent that the ionization recorded 
increases at certain times. In order to compax 
data with the measurement results of Cerenkov counter [ 6 3 ] ,  
the expected increase in ionization per particle was calculated 

- 

From an analysis of the data of the satellite "Kosmos-25", 

Aup . Oct. NOT. 

4 
Fig. 9. 7. Comparison of the data of 6wenEtou c a n t e r  [63J with the data of 

ionization chamber [75J (circles) for the cases of the increase in 
the intensity: 
a - August 18-20, 1964: b - OctoGcr 27-29, 1964: c - November 
18-19, 1964. Hatched region shouts the exjwcted value of the 
integral ionization by considering the measurement e w o r s ,  cal- 
culated f m m  the data of Cerenkov counter [Sa?/. 
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e basis of the data given in [63] ( ux of galactic cosmic 
rays was taken to be constant). 
expected change in the integral ionization a r e  shown in Fig. 9.7 
m the form or natcned bands whose width is  determined by the 
measurement e r ro r s  of Cerenkov counter [63]. Circles show 
the data obtained by ionization chamber on the satellite "Kosmos- 
25" for  those periods for which data on particles with R > 4 G v  
were available. 
ments by different detectors is Seen from Fig. 9.7 and there 
i s  additional proof of the real  predominance of increases in the 
flux of heavy nuclei recorded in [ 6 3 ] .  

Before this Section ends, mention should be made of the 
work of Sakurai I761 in which he compare8 the relative abun- 
dance of solar protons and solar a-particles a t  constant rigidi 
(dI/dR)p/(dI/dR)a during flares. It is shown that this ratio is 
5-50 if the flare is observed before the sudden commencement 
of a geomagnetic storm and is of the order of 1 if the flare is 
observed after the sudden commencement. It follows from the 
measurements of medium and heavy nuclei of solar cosmic 
rays that their rigidity spectra are  similar to the rigidity 
spectrum of a-particles and the ratio of the number of a-parti-  
cles to that of these nuclei is almost constant for different 
cases. Moreover, the .&--dance of medium and heavy nuclei in 
solar cosmic rays i s  the same a s  on me aun. 
these data with the ch rac t e r i s t i c s  of solar radio-outbursts of 
type IV facilitate&- 
acceleration of solar cosmic rays,  the rate of acceleration of 
protons is constdeiably more than that of heavier nuclei. 
Obviously, during the initial phase of acceleration, Fe rmi  
mechanism is more effective than the betatron mechanism and 
plasma particles a re  mainly accelerated by thermal energies, 

The obtained values of the 

A good agreement between results of measure- 

A coaipartson of 

Yoficluaion th&, at  the initial stage of 

10. TIME VARIATIONS OF SOLAR PARTICLES 
10. 1 General characteristic of time variation. Peculia- 

rities of time variation of cosmic rays a re  of great interest f o r  
selecting the model of their propagakzon in-the interplanetary 
spaces for studying time variations of their spectrum and for 
studying the structure of the interplanetary magnetic field. 
Experimental data on time variations of the flux and spectrum of 
solar particles a re  described in this section on the basis of the 
observations of different authors fo r  different cases. 

. -  
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As shown in Chapter IV, e ra te  of change of the intensity 
of solar particles of a given energy at  the Earth's orbit 
on the duration of their emission from the region of chr 
pheric flare, on the structure and intensity of the interpl 
field between the Sun and the Earth, and on the distances 

Sun which are  of the order of a few tens of as t  
s. The study of the properties of isolated reg 

lanetary space, in its own turn, is important for 
solution to the problem of modulation of galactic cosmic rays.  

High-energy solar particles, emitted during chromos- 
pheric flares,  in some cases,  propagate to the Earth along 
Sun-Earth direction ar slightly westward. It facilitates %he 
as sumption that particles propagate along spiral magnetic field 
whose model for the first  time was suggested by Parker  [1.61]. 

In most of the cases,  particles arrive not immediately 
after the flare but s tar t  appearing only after some tens of 
minutes. In this case, their intens-ity on the Earth's orbit is 
almost isotropic and the intensity attains the maximum value 
only after a few hours. 
creases with the characteristic time of the order of a few hours 
lor relativistic particles and slightly higher for  particles of 
lesser  energy. 
particles near the Earth during a 'long interval of t ime after the 
disappearance of the corresponding solar flare is usually inter- 
preted as the result of accumulation of particles in the solar 
system. Obviously, free exit of solar particles from the solar 
system ie difficult due to the presence of magnetic fields beyond 
the Earth's orbit. 

In most of the cases, intensity de- 

Presence of. considerable isotropic f l+  .of 

Delay of most of the solar particles compels us to assume 
that the particles temporarily accumulate in magnetic fields on 
the Sun or near the solar surface. Afterwards, the particles, 
by drifting or diffusion (or under the simultaneous action of both 
these mechanisms), leave the region of accumulation and propa- 
gate to the Earth. Moreover, their intensitv in this case in- 
creases very slowly. 

The assumption that €he particles accumulate in the 
interplanetary space and not near the Slln is based on a simpler 
model of accumulation mechanism satisfying the condition of 
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approximate isotropy of the flux of solar particles near  the Ea 
This model should be preferred since it requires a lesser  a m  
of particles to be generated on the Sun for explaining the flux 
observed on the Sun as compared to the model of solar mechani- 
sm of accumulation, 
assume the presence of any magnetic fields excepting the ones 
expected from Parker 's  theory [I. 611 and measured several 
times directly in the interplanetary space ( see  Section 13.2). 
Moreover, i t  combines the problem of the delay of arr ival  of 
particles and the problem of slow decrease in their intensity int 
one common diffusion problem, 

This model is  simpler because i t  does no 

The decrease in the concentration of high-ene 
particles on the Earth after attaining t 
described by the power law t-s  where 
limits of 1. 0-2, 5 o r  by the exponential 

e r  decrease, i, e. 
law o r  the power law with s 3 2. 0, i s  characteristic of particle 
with higher energy (more tha 09 ev/nucleon) and 
much longer after the beginn of the increase. T 
in the intensity of particles lesser  energy (107- 
nucleon) is sometimes very slow. There is nothing 
in  ehfs. It is considered that;, i n  the case of the fuil 
field irregularities, the diffusion CQefficient 
energy of the particles a s  well as on the distance from the Sun 
(see Chapter IV). 

decrease according to the ex~onential  

In most of the works, the change in the con~entration of 
clevs with the passa 
gy or a limited inte 

conclusions about the v 
will  be applicable o 

of time i s  studied only for one specific 
a1 of energies and therefore, any 
e and d i s ~ r i b u t i o ~  of in the space 

y within a limited range of energies. 

Data o 
1961,  

were systematically described in L. I. Dorman's books [I, 1; I. 23, 
Thereforer i n  this Section, attention will be paid only to the 
most important characteristic features of time variation and 
energy spedzurn of sola r pa rtie 

Based on the data of neutron monitors, satellites and 
riometers, Bennet [77] studied the morphology of the increases 
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in  the intensity of cosmic rays caused by solar flares. 
eight events were compared with the power law of decrease in 
the intensity- t-S,  

index on the Earth's surface s = 2.08 whereas for all the eight 
cases, on an average, s = 1.97. Hence, it is  concluded that 
the power law with s = 2 - 0  reflects well the obeerved rate of 
decrease of the concentration of medium- and high-energy 
particles. The analysis of the dependence of delay of particles 
on the heliolatitude of flares, according to Bennet [ 7 7 ] ,  confirms 
the well-known results of the existence of the east-west asym- 
metry. 
with a leap) when the region of flare intersects the central 

Data on 

In the case of five flare increases, the 

The time Lag considerably decreases (and most probably, 
* 

Many interesti results were obtained by WincMer and 
tember 3, 1960 flare event on the basis Bhavsar [78] for the 

of stratospheric m e a s ~ r e m ~ n t s ~  It was the only case during 
ious solar cycle when a class 3 flare on the eastern limb 

inates 17OPJ, 90°E, beginnin 
e increase at  the se 

The intensity of solar particles in the stratosphere 
started increasing 83 minutes after the outburst of rnirzrowave 
radio emission, T 

exponential during a 
flare wiith time cons s, This result i s  in confor- 
mity with the existe bar r ie r  a t  a distance of 
about 22 astronomical units from the Sun through which the 
particles go beyond the limits of the solar system. 

While studying the same flare, A. N. Charakhch'yan et al, 
[N. 631 considered the beginning time 20 hours after the chromo- 
spheric flare. 
described by the diffusion law - t-3f?2 at 
cm2/sec. W i n c H e r  znd Bhavsar [ 1 8 ]  considered the transition 
of particles 83 minutes after the optical rnaxizriunz of the flare, 
and'found that the increase in solar particles is  in agreement 
with the diffusion equation if the injection takes place at the time 
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of the flare. Conclusions of A. N. Charakhchdyan et  al. [Ne 631 
were based on insufficiently reliable data on the ear l ier  stage of 
he increase and on the assumption of the power law of attenua- 

tion, The data 1781 show that the exponential nature of attenua- 
tion is a better approximation. 

Roederer a t  al. [ 2 2 ]  studied the sequence of heliophysical 
and geophysical phenomena leading to unusual variations in the 
intensity of cosmic rays during the period November 10 -1 5, 
1960. 
the Novepber 12 cosmic ray flare does not agree with the theory 
of shock zones which i s  explained by the action of a magnetic 
cloud existing near  the Earth at  that time and causing Forbush 
effect a t  1930 U T  on November 12, 1960. 
of a strong magnetic field whose lines of force formed the 
"magnetic trap". 
ing a large part of high-energy particles originating during 
class 3+ chromospheric flare 6 hours before the beginning of the 
Forbush effect. This model allows us to explain the second 
increase in the intensity of solar particles starting a f t e r the  
Forbush effect, 

The distribution of intensitysn the Earth's surface durin 

. 

This cloud consisted 

Such a field was found to be capable of trapp- 

A detailed analysis of the observations on sola-r particles, 
caused by November 12 and 15, 1960 flares, a t  the stfl'ions 
Thule (Arctic) and McMurdo (Antarctic) situated near the geo- 
magnetic poles, is given in the work of Pomerantz et al. [79] .  
It is  shown that the propagation of fast particles to the Earth on 
November 12, 1960 was mostly isotropic in nature caused by 
scattering of particles and magnetic irregularities in the inter-  
planetary space. 
the increase on the geomagnetic cut -off rigidity showed that 
particles with rigidity of l.Q-2,8 Gv gzve r ise  to about 8 5 %  of 
the total effect. An estimate of the total energy of solar parti- 
cles in the given rigidity range gives a value of 2 . 2 ~ 1  029 erg 
for the f i rs t  increase of November 12 and 1 . 9 ~ 1 0 ~ ~  erg for the 
second increase. An estimate of the diffusion coefficient in the 
same range gives values of 3 , 5 ~ 1 0 ~ ~  and 1 . 1 ~ 1 0 ~ ~  cQ2/sec for 
the first and second increase respectively, It is assumed that 
the increase in the intensity of solar particles was caused by the 
arr ival  of a magnetized cloud of solar plasma near the Earth's 
orbit. 

The analysis of the dependence of amplitude of 
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Conforto and Iucci [ g o ]  also studied t events in Novem- 
ber 1960 based on the data obtained from ground measurements. 

Time charactulci vember 12 and 15, 1960 
flares were tBoroughIy investigated in the work of Feiter et al. 
[81]. The investigations were ' on the observations on the 
intensity of neutron component u r  stations having cut -off 
rigidity less than 4 Gv (Upsala, Niderkhorst, Lirneil, F'ic du 
Midi). It was shown that the Novem_ber 12 flare event consisted 
of two increases and the second oneapparently had a complex 
nature and can be partly related to the chan e in the intensity of 
geomagnetic Tleld.. The decrease in the intensity after attainin 
a maximum value followed the exponential law. Moreover, if 
for November 12 flare event the period To during which the flux 
of solar flares decreases by e times was significantly different 
for diffe~ent  stages ( f r  
November 15 flare event was the same for  a l l  the stages and was 
equal to 4.. 5 hours, This points out the directional nature of 
the flux of solar particles on November 12, and the isotropic 
nature of November 15, 1960 flux. 

1 to 3,5 hours), the value of To for  

- -  

Based on the data of world network of stationsa it k a s  
shown by:& I. Kuzmin et ale [ 8 2 ]  that the three outbnrpts of 
cosmic rays during November 12-15, I960 can be related to 
flares with large time scale. The duration of increase of. 
intensity for the fikst f lare  was,, 
stations, 2 hours 40 minutes, T xima continued for about . 
2. 5 hours, an exponential decrease in intensity with average 
time characteristic To P-J 6,6 hours was observed a t  stations 
with geomagnetic threshold & 1. 3 Gv. 
o n  the energy of recorded particles (see Table 14.1) w a s  detec- 
:ed. A comparison of the profiles of the first increase a t  Sulfur 
and Chicago stations shows that, throu hout the event, the 
energy spectrum of Holar particles changes continuouely and 
becomes more rigid. 

aperase for all 'the 

The dependence of To 

duration of increase for  the second flare 
ers, The flar el a sharp maximum at  

2000 U T  o n  November 12, 1968. e characteristic time-of 
decrease TO- 3-5-4 hours, 

J 



The duration of increase for November 15, 1960 flare 
was 1 hour a t  Yakutsk, Sulfur, Lincoln and Elsvorts stations 
and 40 minutes a t  Chicago, Ottawa, Deep River, Resolute and 
Churchill, After attaining the maximum value, the intensity of 
cosmic rays did not change for 1-1.5 hrs. 
a t  al l  the stations with an average value of To A 5 hrs. 

It started decreasing 

Lockwood and Shea [I, 791 showed that differential spec- 
t rum of pulses was D(p) = 5 ~ 1 0 ~ p - 6  partic1e.m-< sec-1. sterad'l 
(Gev/c)'l a t  1 ,C p 6 7 Gev/c for mvember  12, 1960 flare and 
D(pj = 10 p- 6 partic1e.m-2, sec-l, sterade1 (Gev/c) fo r  Novem- 
ber 15, 1960 flare. 

Data of observations on solar and galactic cosmic rays 
obtained with the help of satellite ""Explorer -7" (altitude of 
flight 550-1 100 h) during the period October 13, 1959 - 
February 17, 1961 a r e  given in Lin's dissertation [83]. 
lute values of maximum intensities of solar protons with I 7 30 
Mev have been obtained for 21 flares. 
decrease in their intensity can be represented in the form - t's 
where't ' i s  measured from the commencement of the corres  - 
ponding solar f lare and the value of Is1 changes w i t h k t h e  
limits 1.2-3.4. According to  [83], the latitude deperilltence of 
the intensity of solar particles +t different Longitudes 'for eight 
large flares can be well described by the Mak-Ilvain parameter  L 
but does not agree with the distribution of geomagnetic threshold 
rigidities suggested by Quenby and Webber [I. 431. A comparison 
of the.results of measurements on "Explorer-7'' with the data of 
high-latitude riometers showed that solar protons with e, 'I 30 
Mev play an insignificant role in the phenomena of absorption in  
polar caps. 

Abso- 

It is shown that the 

Recording of solar cosmic rays caused by f lares  on the 
invisible side of the Sun is of exceptional interest for selecting a 
suitable diffusion -model. 
propagation of particles from such flares is very difficult to 
record as  a separate event due to the extremely large t ime lag, 
probably going up to one day, and due to their low intensity which 
is ,C 1 '% of the intensity of particles from flares on the visible 
side of the Sun. Nevertheless, there is  one extremely interest- 
ing case when it definitely became possible to observe the pro- 

As mentioned by Parker  [I. 61 1, the 
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n of solar cosmic rays from a chromospheric fl 
Pome rant2 and invisible side of 

[84], the flare occurred on Mov 
region with longitu 
i, e. , at 300 beyon sk. According to 
tions of Hansen [S 

r 20, 1960 in the active 
est of the central meridian, 

he photosphere, a 
olar disk, was 

that during this time, the 
isk with radial veloc~ty of 
ight of eruptive cut-off was . 
intensity of cosmic ray 

surface and in the strato 
order  of a few 

ere observed by Conforto and Iu’cci 

order of 6. 3% and l O A %  respec- 
delay is explained by the fact that 

s considerably facilitated by-the 

a b ~ u t  300,000 km, 

Specifically, significant increases in the intensity of neutro 

cMurdq ntar ctic 1. 

ry magnetic field whose lines 
of the Sun. The November 

20, 1940 flares of cosmic rays a r e  also analyzed in 

three a s  were mentioned e e author, The time la 

flare recorded at 

st of solar cos 

derson ar r ive  



explained within the framework of the model of "magnetic trapq' 

B ea rch worker s. 
ested by Gold and developed by McCrac en and other re- 

10.3 Flares in Julv 1961. Hofrnann and Winckler [8 
investigated the July 1961 flares thoroughly on the basis of the 
data of balloon measurements over Churchill and Minneapolis, 
Simultaneous observations were made by Keppler et al. [II. 541 
over Kiruna (Sweden). 

Interesting data on the spec 
= 77.5-290 Mev during July 12, 19 
and Waddington [40] with the help of emulsions flown on balloons 
over Churchill. 
0839-1819 UT on July 13, a r e  described by the power function of 

netic energy with index Y =5.6+0.3, by power function of total 
energy reduced to potential energy with 3 =47+3 and by exponen- 
tial function for rigidity from R0=52$-3 Mv. 
particles with€&% 77.5 Mev was equal to 1.69tO. 14 cm-2. sec-! 
sterad-l. 
with Et), 100 Mev was equal to  40+8 ernm2. sec-1. sterad'l during 
the interval 1305-1918 UT. Similarity between these-events and 
flares of April 29 and May 4, 1960 isnoted. 

m of solar protons with 
flare were obtained by G 

Differential spectra, averaged' for the period 

The intensity of 

During the July 18 flareo the intensity of particles 

Keppler et al. [II. 543, on the basis of data of balloon 
measurements over Kiruna (Sweden), studied the four events of 
injection of solar protons in July 1961. 
given in Table 10.1 from which it is seen that on decreasing the 
flux of protons of nonrelativistic energies according to the law 
ry t-s, the index considerably changes for different events. It 
was shown for July 12, 1961 event by Keppler et al. in the ~ a m e  
work that 10 hours after the cbrornospheric flare, the s ectrum 
in the range 110 6 0 & 270 Mev was of the type - -Iw * and 
that spectrum in the range 110 6 & 5 160 Mev after 5.5 hours 
became softer: - '. 

The obtained results are 

As a result of the thorough analysis of the data of balloon 
measurements with the help of gas -discharge counter and ioni - 
zation chamber, Hofmann and Winckler [a81 arrived at the con- 
clusion that the intensity of solar protons from July 18 and 2 1, 
196 1 flares ddcreased approximately g to  the exponential 
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law "exp ( -  t/To) where To was equal to 
the events of July 18 and 20 gespectively, 

Commenting on the results of the analysis of Winckler 
Bhavsar [78] fo r  September 3, 

nckler [88] for July 1961 flares, 
onential law of attenuation was 

earlier by Anderson et ale [90] for 
this flare, the ihtensity decreased 
law in the beginning with a time co 
afterwards increased 
pointed out that the intensity late 

period was insufficient). 
e law - t-3/2 but the accura 

The flare events of July 1961 were also studied by E.W. 

hat the decrease in the inten - 
Kolomeets [91] OR the basis of the data on mcleon com 
9 stations, The analysis s 
sity of solar protons from 18, 1961 flare event continue 
for about 10 hours approxi 
( - t / ~ , )  where T, z 15 min 
first hour after maxima, a very sh 

served after which t 
during this time ( 12 

flare responsible for the additiona 

The July 20, 1961 increase 
protons can be related neither to s 
increases. 
value of a few perrcents and was  slightly mere  than the limits ob 
statistical errors .  The increase i n  intensity continued for aboy 

1 30 minutes and the decrease for not more than 2 hours, whereas 
in all other cases of small as  well as large increases, the 
decrease continued for not less  than 8-10 hours. 
during some flares, there a r e  @tunnels" for f ree  exit and-gropa- 
gation of solar particles to the Earth along the lines of force sf 
the magnetic fields "frozen" in corpuscular beams, 

The maximum intensity during this flare attained ii 

Apparently, 

Fig. 10, 1 shhws the dependence of the amplitude of 
increase on threshold rigidity. 

on July 20, 1961 which caused the attenuation of the effect in the 

It is seen that particles with 
% -  200 Mev were intensely scattered by interplanetary fields 
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region of very high latitudes, 
from the side of low energies took place even during the exit of 
particles from the region of solar corona. 

It is not eliminated that cut -off 

With the help of the method of correlation coefficients, 
E. V. Kolomeets [91] determined the spectrum of solar particles 
(Fig. 10.2) which up to energies of 2. 5 Gev can be approximated 
by the relation E Gv where I! is equal t o  3. 5 -4.0 and 2. 5-3 for 
July 18 and 20, 1961 flares respectively. 

R. Gv 

196 

20, 

e Gev 

1961 

Fig. 10. it. Latitude effect ofpayes Fig.  10.2. Ei2erg-y spectra of solnr 
particles during &ly 1961 flares &lJ. 

- 
JU~Y 1 . m  rx1. 

Pomerantz and Duggal [92] analyzed the data on the 
increase in the intensity of neutronl component at high-latitude 
stations of Thule and McMurdo on July 18 and 20, 1961. Similar 
increases in July 1961 were studied by Wilson et ale [93] for  a 
number of statiofis on mountains and at sea level. 

Detailed investigations on July 1961 flares were carr ied 
out by A. N. Charakhch’yan and T. N. Charakhch’yan [94] on the 
basis of the data of stratospheric measurements over Murmansk. 

165 



L.I. DCXUdAN AND 22.1. 

The results of eight flights during July 12-20, show that the 
spectrum of solar particles during this period remained practi- 
cally unchanged: 4 ,  E;. 4 . 

Valuable data on flux of solar particles with €4 = 1-1 5 
Mev and 
magnetic storms were obtained by Zmuda et al. [II. 31 from the 
observations on the satellite Vnjun- 1" (the satellite was launched 
on June 29, 1961, inclination of its orbit with the equatorial 
plane 67O, height in apogee 998 km and in perigee 881 km). 

7 40 Mev and their variations during July 1961 

10.4. 
years; Results of measurements, on satellites MExplorer-128* 

Flares  during the end of 1961 and in subsequent 

and "Explorer-14"; of four large increases in the intensity of 
solar protons related to chromospheric flares on September 10 
and 28, 1961, November 10, 1961 and on October 23, 1962, a r e  
analyzed in detail in the wqrk of Bryant et al, [I. 541. 
that the short-lived fluctuations in the intensity, observed for  
these cases, a r e  related to the regular structure either of solar 
wind o r  of transition region between interplanetary plasma and 
magnetosphere. Mention is also made of the increase in inten- 
sity on September 7, 1961 which is not related to any flare. 
September 28, 1961 flare is  analyzed in detail in Chapter IV. 
i s  appropriate to mention here that five hours after the commen- 
cement of September 28, 1961 flare, the intensity ded&ased 
according to the law - t-2. Qn'the basis'bf the data of the 
satellite "Explorer-14", Frank [95] detected the qp r i l  15, 1963 
flare. 
f lare is shown in Fig. 10. 3. 

It is shown 

It 

The time variation of protons with 7 23 Mev for this % 

Lo Lo Lazutin [96,97] noted an increase itl the intensity 
of cosmic rays in stratosphere over the station Apatite (67O38'N; 
33°208E), Measurements were taken with the aid of radioprobe 
"RKL-4". The data of 11 flights were analyzed. Increases in 
the intensity were observed on September 17, 1963 at  about 0900 
UT and on September 21, 1963 at  about 0830 UT. For  the latter 
case, the integral spectrum of protons had index 7 =3.5 whereas 
the intensity decreased according to the law - t-l.'. 

An interesting comparison of some satellite and rio- 
metric data on dolar protons for September.1963 flares is given 
in the work of Chivers and Burrows [ $1, Measurements were 
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Aprfl 15 April 16 

Fig.  10.3. Time variation of the' intensity of sahr particles for the April 15, 

taken with the help 01: satellite "Alouette" (height of orbit 1025225 
km, inclination 80°, period of rotation 105 min) and data of 
riometers at 30 MHz installed at  t h e  northern and southern plar  
caps, - ..- 

1963flnre 1951. 

were  .used fF-%Bm_par is0 n. 

Two significant inereasses of solar cosmic rays were 
observed in Septemb'er 1963. 
class 2 flares and  was^ recorded for the first time by satellites 
and riometers immediately after 0000 UT on September 21, 1963. 
This increase was also recorded in stratosphere by L. L. Lazutin 
[96]. 
September 26 after class 3 flare. 

The f i rs t  one followed a ser ies  of 

The second increase was observed a t  about 0700 UT OR 

In order to study the dependence of absorption on the flux 
of protons, Chivers and Burrows cokpared the rated values of 
absorption in the southern hemisphere with the flux of protons 
averaged for the period of one transition over the northern polar 
cap, The results of the comparison for protons with 

33 Mev a r e  shown in Fi 
btained points is marke by arrows. The best 

10.4 where the 

approximation is shown by str 
compared with the calculation 
lines) for protons with 
absorption). For parti = 1.3-7 MeV; the inclination 

lines (full) and these can be 
Its of Bailey [ 99 ]  (dotted 
m s v k g  vertically (zenith 
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,straight line is determined by the relation X = 2x107 A2- 
where I is the intensity of protons (m-2 sec" sterad-1) and A is 
the magnitude of zenith absorption i n  decibles as measumd by 
riometer at 30 MHz. 
expression I = 2x105 A2e obtained by Bailey 1991 and the dif- 
ference by a 
protons with 
tudes higher 

. a smaller role in ionization and absorption of radiowave 
3' 33 MeV, the inclination of corresponding Curves sl 
fers from calculation results 

This relation is ir, conformity with the 

ctor of - lo2  can be explained by the fact that 
interact in the atmosphere at  alti- 
tons of higher energies and thus, play 

f Baifey [99], 

A, db 

1, rn'. sec-!sterad.l 

a 
1.,m2. sec-!atarad.-t 

-b , 

Pig. LO. 4 .  Absorption amplitude from data ,of 30 MHz riomeler at the South 
Pole as a function of the intensity of proton beam with 
MeV and 
September 1963. 
a - September 21,1963; b - September 26, 1963. Calculation 
results of Bailey [99] are shown by dotted lines; arruws show the 
time sequence of the points. 

= 1.3-7 
Ek > 33 MeV recorded by the satellite 'Nlouette "in 

The amplitude of absorption.of cosmic radio noise changes 
from day to night by about 4 times. 
whose data was used for  comparing with the satellite measure- 
ments, was installed at the south geographical pole and since the 
events of absorption described here  took place in September, the 
ionosphere around the South Pole was for all the time illuminated 
by the Sun which helped i n  eliminating daily variations of absorp- 
tion. The obtained empirical relations obviously depend upon the 

But since the riometer, 
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spectrum of solar particles but even then the curves of Fig. 10 .4  
can be used for determining the flux of s 
energy range from the data of riometers 

protons in certain 

The data of obseryations on the flux of protons gene 
during flares, which were obtained from the satellite "Alo 
a r e  analyzed in detail by Burrows et al, [loo]. 
the results of the analysis: 

wing a r e  

;. The differential spectrum of protons from September 
21, 1961 flare had the form - & i 3 s 2  for protons with €+ = 
33-400 MeV. 

2. One hour after the September 21 flare, the flux of 
protons with e+=33-400 Meb increased by 4 times in the limited 
range of latitudes and longitudes. 
increase'as due to shock zone leads to the conclusion that the 
source extending to about 20° along the width was situated at loo 
south of the Sun's equatorial plane and 75O east of the Earth-Sun 
line. 

The interpretation of this 

3. The low -latitude cut -off before the sudden commence - 
ment of magnetic storm for protons with 6 ,  =114-165; 50-60; 33; 
1.3-7 Mev took place at L = 4. 1; 4.5;  4 . 5  and 5. 3 respectively. 
The cut-off for protons with & = 1,3-7 Mev decrease& 'to L=4.1 
af ter  the sudden commencement on September 21 and 27. 

4. The values of the flux of protons decrease exponen- 
tially with the passage of time during magnetically quiet periods. 
Characteristic times of attenuation (5  -8 hrs )  a r e  different for 
the two flares and for different energies but are considerably 
less  than those observed in July 1961 (20-24 hrs). 
low-energy protons is more sensitive to disturbances in the 
interplanetary medium than the flux of high-energy protons. 

The flux of 

5. Riometer readings at Resolute correspond better to 
component with &k= 1.3 -7 Mev than to component with & 7 33 
MeV. 4 

In the period of high solar and geomagnetic activity during 
September 15-30, Harding et al. f l O l ]  measured solar  cosmic 
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It is interesting to mention that no dispersion in the velo- 
city of protons was observed during the period under reference. 
Significant changes in the flux of protons were also not observed 
at the time of arrival of plasma cloud and subsequent 
tic storm to the Earth which started at 1414 U T  on F e  
1965. 
[ 1021 were very high for recording low-energy particles which 
could arrive at  the beginning of the geomagnetic storm. 
ing to Parker [103], these particles could have been accelerated 
in the space between quiet solar wind and plasma cloud moving 
from'the Sun and related to solar flare or  could have been 
trapped in the region behind the front of plasma cloud. During 
the next revolution of the Sun, no increase in the intensity of 
solar protons was observed a s  compared to the galactic cosmic- 
ray background (= 3 particles.cm'2. sec'l). 

Obviously, the energy thresholds of detectors used in. 

Accord- 

The integral spectra of solar protons a r e  given in 
Fig. 10.6 for three different times when short -lived fluctuations 
of intensity were not observed. 
af ter  short -lived sudden increase (fluctuations) of intensity of 
solar protons at 0020 U T  on February 6, 1965 a r e  also given in 
[ 1021. 
could have- been caused by changes in the direction of proton 
beam beyond the limits of the magnetosphere. 

Spectra obtained before and 

Paulikas et al. [ 1021 consider that fluctuations in the flux 

1 .  I g3 
&k, Mcv 

Fig. 10.6. Integkal spectra of protons at duferent stages of the flare when 
li???c! $tictuations were absent [102]. 
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Table 10.2 gives a representation of t ime characteristics 
As can be seen from Table 10.2, of the described phenomenon. 

the characteristic attenuation time To does not simply depend 
upon the average speed of protons, which may be expected from 
diffusion theory when the effective mean free path for diffusion 
does not depend on energy and To N l/s (see Section 14.3). 
time variation of protons with 819 = 10-35 Mev considerably 
differs from that of protons with €%>40 MeV. 
by assuming that the source has a complicated spectrum or that 
the propagation of particles differs from the simple diffusion 
process; moreover, the effective mean free path for diffusion 
possibly depends on the rigidity of particles. 

The 

It can be explained 

TABLE 10.2 

Deckease in the intensity of integral flux of protons on February 5 ,  1965 [lo21 

6k, Mev To, hrs - Integral flux four 
Tu%, hrs hours after the 

optical flare, 
cm-2. sec-1 

t 1 . 2  
3*7 - 0 . 6  16.8 t2 '7  

-2 .2  
t 2 . 1  t o .  9 

' l e 6  -1.6 3* - 0.7 
t 1 . 3  t 0.6 

4.7 - 1 . 0  l m 5  - 0 . 5  
t o .  3 + 0 . 2  

4 * 0  -0.9 3 ' 7  - 0 . 5  

10 

20 

40 

8 0  

35 0 

25 0 

100 

5 

The flare of February 5, 1965 was also recorded by 
"IMP-2" and "Mariner -4" (Van Allen and Krimigis [104], 

O'Gallagher and Simpson [ 1271 ) but the values of To obtained 
were 800 min. and 1 1  00 min respectively for the integral flux o b  
protons with &* 7 15 MeV. 
is shown in Fig. 10.7, 

The time variation of such protons, 

The equipment installed on "Mariner -4" included three 
face Geiger counters two of which had threshold energies for 
electrons - 40 kev and the third one, 15 kev (these coqnters 
were capable of recording.protons with 8 >/ 55 MeV) and'one 
semiconductor proton detector which was not sensitive to elec - 
trons (level of discrimination 0. 50 6 ep & 1 1  and 0.88 &€& 
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Gw "IMP-Z" (1 .0  a . u . )  

.Mariner-4' (1. 14 a . u . )  

hrr. 

Feb. 5 Feb. 6 Feb. 7 Feb. 8, 1965 

Fig. 10.7. Time vardation of solar protons with & PI5 MeV for ~ e $ ~ ~ ~  5, 

4 Mev). 
distance of 1. 14 astronomical unit from the Sun, 
between the Earth -Sun and Earth-"Mariner -4e' directions was 
equal to 1.90. An outburst of corpuscles was recorded at 
1840+0010 UT on February 5, 1965. Protons as well as elec- 
trons with e- 40 kev and having very steep spectrum were 
observed (see Section 22). 
were F, ( Gp+ 55 MeV) - 80 cm"? sec-l and F ( 6 + 40 kev) * 
700 cm-2. sec-1. 
showed complicated change of intensity with time. Many 
maxima were observed during 8 days, the .bi gest being at  0900 
UT on February 7, 1965 and Imax = 125 cm' sec-1. sterad-1. 
The propagation of protons wjth e 3 55 Mev is in conformity 
with the diffusion model in which the diffusion coefficient in- 
creases with distance as &/3. However, at  low energies, the 
propagation does not conform to any simple diffusion model. 

From October 17, 1963 to October 1965, Felthauser 
et al. [lo51 made minute observations on solar and galactic 
cosmic rays with the help of neutron and scintillation detectors 
(threshold energy - 20 MeV) aboard the satellites "Vela". The 
satellite orbits were close to circular one with radius 16-20 rEo 

173 

1965flare from the data of 'IMP-2"ancl 'Marines4 t! 
During February 5-13, q"NIariner-4" was situated at a 

The angle 

The fluxes at the maxima (21 30 UT) 

The low-energy protons (0.50 & Cb 4 11  MeV) 



E. I. 

he in~egra l  intensity of cosmic rays of ener y higher than the 
threshold energy was recorded continuously. The most ~ w e r f u l  

all the recorded 
e intensity of the 

lar flares took place on February 5, 1 
tober 4, 1965 flare was about 10% of 

y of F e b r ~ a r ~  5, 1965 flare on the ass 
spectra a r e  similar. The upper limit 

7 0.5 Mev was determined wit 
having a thin window, 

In the middle of April 1965, Houston and Earha 
on the basis of ri meter data at 22 MHe at Du , recorded 

panied by large fluctuations in t 
nusual variation in the flux of cosmic rays were accom- 

orieontal component of the 

ale [107] recore 
3 100 Mev on July '9, 1966 in s t r a t o s p ~ e r ~  

via. Time v a r i ~ ~ i o n  of the e 
r differential spectrum with t 
at Kiruna (Sweden) are show 

e increase in the flux 

eutrorr msnieor at Kergelen Island (sea level, 
e 28 Cv) also recorded a small I- 2 % )  increa  

s ity*# 

It is interesting to mentis 
the intensity of proton beam w 

clear sudden decrease 
0,5 Mev wag cabsensTed 

on the satellite "Explorer-33IP at 2106 UT' on 
~ ~ t e r p l a n e t a r ~  space a t  a distance of 187, 800 
Obviously, solar flare observed at 0027 UT o 
emitted the protons. Sudden decrease in the 
to the effect of interpl 
ture was observed wi e triple -component - 
probe magnetometer 

etary shock wave whose detailed struc- 

th Pomerantz et a&. [I671 also recorded th 
rays at sea level on July 7, 1966. This re 
the help of rzetwork of supermonitors ins Ea 
hemispheres. The effect of amplitude -1% was observe 
where the geomagmtic eut-off was less tiurn that cagsed by the atmospltere. 
The iwrease was not observed at Smrtmore where geomgzelic threshold 
is 1.92 Gv. The J~kly 7, 1966flare was also recorded by Ein e[ 
with the aid of the satellite 'IMP-Z "('%plover-33'9. 
s imttltuaem~s obsemaliolzs on the sate llites 'TMP-3" an 
ed detection of D niimber of unusual ~ h a r a c ~ e r ~ s t ~ ~ ~  of this c o ~ p l i c a t e ~  
phenom~n~n.  

* 
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With the help of 2 -1 00 Mev proton detector installed on 
the satellite "ffiO-3@', Kahler et al. [128] measured the flux 
and anisotropy of these protons during August 28, 1966 flare 
and magnetic s t o m  connected with this flare (sudden commenc 
ment at  1314 UT on A t 29, 1966). A few Mev proton flux 
after sudden connnnen 
while the anisotropy was 
Comparison of the measu 

of particles [IV, 
rities is not so 1 
gles may approxi 

nt increased to 2x103 cm-? set"' 
did not depend on energy, 

data and Roelof's model of pro-  
ws that scattering at ma 
t distribution according to 

to an asymptote, 

On the basis of data obtained with the aid of the Moon 
satellites PgLuna-ll" and f8Luna-1Zgg, N. L. Grigorov et ale [164] 

Mev during the period August 28-Octob 
25, 1966-January 5, 1967. Sudden increases in the flux of pro- 
tons were observed after solar flares of August 28 and September 
2, 1966, Simultaneous measurements of protons with 
Mev were conducted on '#Prot0n-3$~ while no increase 
sity of cosmic rays was observed within he limits of f. 10%. The 
integral spectrum I (2 & 1 - E-*, where 
August 28 and September 2 flares respectively, was determined 
by taking into account these results, 
decreased on September 2 according to the law N t - 3 a  (time is 
counted from the moment of optical flare). According to Masley 
and Goedeke*, the outburst of September 2,  1966 was the most 
powerful one after July 18, 1961. 
Grigorov et al. [164], the flux of protons with 
September 2, 1966 was 400 cmm2. sec-l  (by 2 orders more than 
the galactic backgroundB 4 cm-l. sec-1). The intensity of 
protons with Ek z 1.8 Mev underwent strong flunctuations. 

Mention is made in the work of P. N. Ageshina et al.[109] 
of the measurements on solar protons over Murmansk and 
Mirny (Antarctica) during the flares on July 7, 1966, September 
2,  1966 and January 28, 1967. The intensity of protons on 
July 7 over Mirny at  a pressure of 8 g/crn2 was 0.7 ern-'. sec-1, 
sterad-1 which is close to the intensity of about 0-8 cm-2 sec-! 

studied time variations of protons with 50 Mev and 1.8 

The intensity of protons 

According to data of N. L. 
7 50 Mev on 

~- * 
Report read ut [lie bite.vlmtiona1 Conference on Cosmic rays, Canada, July 
1967. 
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sterade1 over Kiruna observed by Heristchi et al, [lo71 a t  the 
same pressure. The integral spectrum of protons over Mirny 

-2.  6 
had the form 8, which is also i n  conformity with the 
results [107]. Equality of fluxes and coincidence of spectra of 
solar protons at  Kiruna and Mirny point out the isotrpy oP 
cles in the terrestr ia l  space. 

For  the September 2,  1966 flare, integral spectrum of 
protons had the form 
during the whole of the phenomenon. 

Ec3 .7  and practically did not change 

During January 28, 1967 flare, the maximum intensity 
of protons a t  a height with pressure 8 g/cm2 over Murmansk 
was 1 . 8 ~ 1 0  6 m-2. sec-1. sterad-le During simultaneous 
measurements a t  Murmansk and Mirny, the intensity of protons 
in stratosphere coincided which points out the isotropy of parti-  
cles near the Earth. The index of integral energy spectrum in 
January 28, 1967 measurements in the range 6 = 300-600 Mev 
was 1 = 3.5 while in January 29-30 and February 1, 1967 
measurements,x ?r 3.0 in the energy range of 80-400 MeV. 
magnitude, this f lare was close to November 15, 1960 flare. 

In 

Time variation of the intensity of protons for July. 7 ,  
1966 and January 28, 1967 flares well conforms to diffusion 
curves on the assumption that the generation on the Sun lasts for 
a relatively short period and lC =*&.( ”./.,) where p z 1. The 
increase in the intensity during September 2, 1966 flare was 
slower than the decrease and thus, it is not possible to describe 
the time variation by a usual diffusion curve. By comparing the 
data of neutron monitor at  Chicago with the results of stratos- 
pheric measurements of January 28, 1967 over Murmansk, it is 
shown in [ 1091 that A = const = 7 . 4 ~ 1  O1 ’ cm for nonrelativistic 
protons. 

The value A =l .  4 ~ 1 0 ~ ‘  cm for July 7, 1966 flare was 
higher than that for September 28,  1961 flare. 
solar activity was the same (total number of groups of solar 
spots during the month %= 120). 
was observed during the flare events of January 28, 1967; 
April 1, 1960 and May 4, 1960 for which values A = 7, 4x101 
7. lx l0 l  cm and 9. 8x101 cm were obtained respectively. 

In both the cases, 

A similar effect at 3 = 230 

cm, 
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During the flare of September 2,  1966, protons were also 
recorded by Paulikas et al. [ 1101 and Gram [ 1681 on the satellite 
"1966-70-A** having polar orbit. A counter telescope to measure 
the spectrum of protons in eight energy intervals in the range of 
23-300 Mev was installed on the satellite. Another telescope 

ctor detectors) and 4 nondirectional detectors 
nergy ranges of 1.1-18 Mev (4 intervals) and 12-130 
ely. According to Gram I1681 and Paulikas et al. 

September 2, 1966 flare remained constant fo r  15 hours while 
for energy - 5 5  
1 cm-? sec-! sterad-1- MeV". The intensity of protoaswith 
energy of 100 Mev was < 0.1 cm-? sec-1 sterad'l. 
differential spectrum had the form cv g k  . Fluxes of 470 and 
17 cm-2 sec"! Mev'l were observed for protons with energies 
of 20 and 100 Mev respectively in the northern polar cap at  
1945 UT on September 2,  1966. 
attenuation at  these energies was 19. 6 and 3 , 4  hours respectively 

sity of protons with energy of 29 Mev during 

ev during the same period, it changedfrorn 7 to  

and the - 4' 

The time constant of energy 

Much information on solar protons from September 2, 
1966 flare was obtained by Zmuda et al. [169] with the help of 
the satellite '91963 -38Cp'. During September 2, 1966 flare, 
Brown and Parthasarathy [170] observed absorptionaf cosmic 
radio noise in the Earth's p,ohr regions. 

10.5 Transport of solar particles in magnetic traps of 
corpuscular beams. 
[I. 131 and Ney et al. [I. 121 independently recorded a large 
increase (by ,W 40 times) in the flux of protons with E 4 3  120 Mev 
with the help of cosmic-radiation detectors flown on balloons. 
Th& beginning of the effect was found to be coinciding with the 
commencement of a magnetic storm. An analysis of these data, 
done by L, I, Dorman [ 1 1  11, showed that in the front part of the 
corpuscular beam, there was a magnetic t rap  having specific 
properties. The characteristic feature of this increase is the 
exponential form of the subsequent decrease in intensity e - t b  
( t  in hours) which very mu 
law. 

In May 1959, A, N. Charakhch'yan et al. 

differs from the usual diffusion 

two-fold nature of the November 12, 1960 
d ~ € t a ~ u r a  [ 1121 arrived at  the conclusion 

that the second increase was apparently caused 
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captured in the magnetic trap of the corpuscular beam since the 
analysis of solar data during this period certifies to the absence 
of emission of cosmic rays by the Sun. An approximate Q 

tion of this effect is given in the work of Steljes. et al. 11131. 

.c 
About two days after the September 28, 1961 solar 

a magnetic storm with sudden commencement 
the Earth. During the storm, the decrease in  
galactic cosmic rays a s  observed by-3ryant et al, 
data of '%xplorer-12" was 1. '7 & 0.3 times the decrease from 
the data of neutron monitor a t  Deep River. At the same time, 
the flux of solar protons with 
bly (by tens of times). 
low-energy protons were transported to magnetic trap of the 
corpuscular beam which had caused the magnetic s torm and 
Forbush effect. It should be mentioned that the increase is 
studied right up to $*& 200 MeV. 
the energy of particles captured in the magnetic traps. 
Measurements of Hofmann et al. [114] on the same satellite for a 
beam of protons with El0 = 0.1-5 Mev as well a s  the data of Van 
Allen and Whelpley [N. 701, obtained with the help Qf the satellite 
"Injun-1" during the same period, do not contradict the con- 
clusion of Bryant et al. [I. 23]? 

e 

4 15 Mev increased considera- 
Bryant et al. [I. 231 assumed that these 

It shows the upper limit of 

Essentially, these a r e  the examples when it was possible 
to interpret the time variation of the intensity of solar cosmic 
rays on the basis of the concept of magnetic traps of corpuscular 
beams. Thus, although the transfer of low-energy solar cosmic 
rays to magnetic traps is apparently bne of the usual methods of 
transportation of particles from th,e Sun to the Earth, this pro- 
cess is  more r a r e  than propagation by diffusion. 

Closed -configuration regular magnetic field can, in 
principle, serve as an ideal tr'ap. However, the effectiveness of 
even the ideal t rap will, obviously, significantly depend on the 
energy of particles: one and the same magnetic formation can 

* 
As shouin by Parker [103J, the attempt to explain the obseroed effects of the 
increase in the beginning of a geomagnetic storm by acceleration af parti- 
cles cm the Sun has run indo many difficulties. B. A .  Tuerskoi yV. 1821 
assztnzcs l h d  these effects are cases of most intensive turbulent accelera- 
tion in the Aferfdanetary medittm (see yemark on p 45gjC 
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become an opaque t rap  for particles of energy less than some 
critical value and can be practically transparent for particles 
having higher energy. 
magnetic fields of special configuration, in which life of charged 
particles is very large and the effect of accumulation of particles 
i s  significant, be considered as the cosmic magnetic trap o r  
should a wider sense be imparted to this concept? 

Should only the formations with regular 

From the point of view of the study of general laws of 
cosmic-ray intensity variations, it i s  advisable to consider all  
magnetic formations, in which movement and 
tence of charged particles considerably differ 
space of the same volume, a s  cosmic magnetic traps. 
approach facilitates unique consideration and explanation of 
many types of variations of cosmic rays including flares of solar 
cosmic rays similar to those observed on May 11 -12, 1959. 

This ’- 

10. 6 Classification of increases in the intensitv of 
cosmic rays. According to the data systematized in [I. 1, I. 21, 
the iricreases observed on the Earth can be classified in the 
following way depending upon the nature of propagation of solar 
particles in the interplanetary space (see L. I. Dorman [I, 21, 
McCracken and Palmeira [ 11 51 ). 

Increase of t m e  A fsllows immediately after a class 3 
o r  3+ chromospheric flare and contains direct and scattered 
components of solar radiation. The intensity of cosmic rays on 
the Earth attains the maximum value very quickly and subse- 
quently starts decreasing gradually according to the law - t-3/2 
o r  N t-2, The beam of solar particles is extremely anisotropic 
a t  the initial stage. 
creases (in m’atrast to the scattered radiation) exponentially 
which i s  related to diffusion of particles from the solar super- 
corona. 
from scattered magnetized clouds (Fig. 10.9, a). Such events 
were observed, for example, in March 1942, November 1949, 
February 1956 and May 1960. 
causing these increases, were observed on the western edge of 
the solar disk. 

The intensity of this direct radiation de- 

In this case, the path from the Sun to the Earth i s  free 

All  chromospheric flares, 

Increase of tvpe B follows with s o m e  delay after the 
chromospheric flare and contains only the scattered part of solar 

180 



SPECTRUM, GOMPOSlTlON AND FLUX VARIATIONS 

9 Sun 

J 

c) 

Fig. 10.9. Propagation of solar cosmic rays: a), b),  c) in the abserice of a 
magnetic trap; d) in the presence of a trap in corpusculnr bcam, 

radiation. 
diffused maxima and afterwards, s tar ts  decreasing according to 
the same law as the increase of type A. In this case, there a r e  
scattering, magnetized clouds (Fig. 10.9, b) on the path from the 
Sun to the Earth. This type of increases were observed i n  
February 1942 and in July 1946 (the corresponding ehromoe- 
pheric flares were observed near-the centzal meridian), 

The intensity increases gradually, has extremely 

Increase of tvpe C has significant time lag with respect 
to the chromospheric flare and lasts for a long time. 
place during Forbush effect when the Earth is surrounded by 
solar corpuscular beam related to an earlier chromospheric 
flare (Fig. 10.9, c). 
in July 1959. 

It takes 

Such a case was observed, for example, 

Increase of t m e  D in the beginning resembles to  the 
increase of type C. Subsequently, after the commencement of 
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magnetic storm, a sudden increase in the intensity and quick 
exponential decrease a r e  observed 
continues according to the law t 
was observed in May 1959 and in many other cases (see Section 
10.5) when there was apparently a magnetic t rap of solar 
particles in the corpuscular beam (Fig. 10.9, d). 

Afterwards, the decrease 
'or t-2. Such an increase 

In the end of this Section, let us study the data on the 
dependence of amplitude of the increase on time for some of the 
very strong flares. 
logarithmic scale and the time is counted from the beginning of 
the chromospheric flare, Time dependence of scattered flux of 
solar particles is shown for the well-known five large increases. 
In order to plot Fig. 10. 10, the data of high-latitude station 
Godheaven were used at  which intensity of cosmic rays was re- 
corded continuously for a few decades with the help of a shielded 
ionization chamber. If the simultaneous measurements made in 
stratosphere during February 23, 1956 flare [I. 9, 1.11) a r e  used, 
the data can be recalculated to the conditions of stratosphere for  
comparison purposes. 
found to  be about 300. 
were recalculated with the help of this coefficient. Of eourse, it 
is a very crude conversion assuming the consistency 05 spectrum 
during al l  the flares. Therefore, much importance should not be 
given to the absolute height of the obtained curves; only the r e -  
lative change in the intensity with time is significant. 
cal curves of time variation for particles with diffusion co- 
efficients of 1021 and 
full lines for the sake of comparison. 
change in the intensity for different flares is more o r  less  
similar. 
exceptions which a r e  studied below separately. 

These data a r e  given in Fig. 10. 10 in the 

The conversion factor for this flare was 
The data on the remaining four flares 

Theoreti- 

cm2/sec a r e  shown in Fig. 10.10 by 
It may be seen that the 

The flare events of May and July 1959 are apparently 

As mentioned ip Chapter 1, a significant increase in me  
intensity of solar particles with e+ * 110-220 Mev was observed 
?iy Ney et al. [I. 121 and A. N. Charakhchtyan et al. [I. 131 on May 
1 1  -12, 1959, 
[I. 123, showed that, at an altitude with pressure 19 g/cm2, the 
additional flux mainly consisted of protons which, in any case, 
did not come from the internal zone of the radiation. 
there were no 
differential spectrum of solar protons in the energy range 110 

The analysis of the data, made by Ney et al. 

Morewer,  
&-particles and heavy nuclei in the beam. The 
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F&, 10.10. Nature of change with time k the intensity of solar particles for 
a number of solar flares. Curves 1,2 - theoretical curves for 
x=  1@z and l@l cmZ/sec respectively, t - lime ufter the begin- 

ning of solar jlare. 

Mev 4, e+ 4 220 Mev can be repsesented in the form 0 e -4d '. 
The magnetic storm caused a significant decrease in the intensity 
of cosmic rays at  sea level which is similar to the Forbush effect. 
During this period, a large increase in the intensity of low- 
energy particles was observed in stratosphere whose amplitude 
decreased along the exponent by 10 times during 4 hours (Fig. 
10. 11). During this period, the cut -off rigidity for  Minneapolis 
reduced considerably which i s  related to the disturbance in 
geomagnetic field by plasma cloud caused by the magnetic 
storm. 
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May 12, 1959' 

Fig. 10 .11 .  Decrease .in the amplitude of increase in the intensity of solar 
particles with time in May 7959 [112]. 

If. the normal concentration,of cosmic rays is  taken to be 
~ m - ~ ,  theoretical curves s'hown in Fig. 10.10 correspond 

to particles, emitted by the Sun. A comparison with the 
experimental curves on the known five flares as  well as  on 
August 1958 flare shows that the value 7C 1022 cm2/sec, i. e., 
A - ( 1  -3) x 10l2 cm is possible quite often, although there a r e  
deviations in both the directions (for example, €or Ju ly  25, 1946 
flare, )G - 3x1021 crnZ/sec). 

Considerably lesser  values of * should be expected for 
July 1959 flares when the maximum increase took place much 
later than the above-mentioned five flares observed a t  sea level. 
This may be related to the decrease in h a s  a result of the 
forces of solar activity and appearance of corpuscular beams 
with regular magnetic field but with scattering magnetic irregu- 
larities which facilitates even the low-energy particles to drift 
in the beam. 
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The decrease in the intensity observed in July 1959 was 
This con- even faster than the decrease during other periods. 

clusion was drawn by Anderson and Enemark [l16] who on 
balloons above "Resolute" observed strong flux of low -energy 
solar protons connected with July 16 flare at 2 1 15 UT. 
out in radiocwnmunications at  short waves and absorption of 
cosmic radio noise was noticed at  high latitudes a t  2300 UT which 
pointed out to the invasion of low-energy protons in the D-layer of 
the ionosphere. A beam of protons with = 85-300 MeV, whose 
intensity was much higher than that of galactic background, was 
recorded at altitudes with pressure 6 g/cm2, 25  hours after the 

is period had t l e  During subsequent 
days, the intensity of particles decreased quickly although some 
additional flux of radiation was still present on July 27. 
dependence of decrease in the intensity of protons well conforms 
to the power law t-3 where t (measured in hours) is counted from 
the moment 16 hours after the flare, 

Black- 

of chromosph ric flare. The spectrum of protons 

Time 

Quicker decrease in the intensity a s  compared to the law 
N t - 3 l 2  might be caused by two reasons: 1)  the mean f ree  path 
for scattering increases with an increase in the distance from the 
Sun (see Section 14. 6); 2) there is additional drift of s d a r  
particles in the direction from the Sun due to directional and 
radial movement of magnetic irregularities in corpuscular beam 
(see Section 14.9). 

11. SOLAR COSMIC- RAYS AND BACKGROUND OF LOW- 
ENERGY PARTICLES IN THE INTERPLANETARY SPACE 

11.1 Experimental data on low-energy solar protons. The 
generation of solar cosmic rays is usually related to discrete 
events on the Sun, starting during flares in the active regions and 
accompanied by radio-flares of type IV on wavelengths ranging 
from a few centimeters to tens of meters. It is assumed that the 
acceleration of particles in this case continues for a period of the 
order of a few minutes while the flare lasts for 0, 5-2 hrs. Low- 
energy protons having energy of a few kev, which a r e  related to 
widening of the corona and which form the plasma of solar wind, 
constitute another type of emission of solar particles. 
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Investigations conducted during previous years led t 
M e  another component 0 -  protons with 6 k  = 0.5-10 MeV. 

ments on the intensity of these protons in  the interplanetary 

ind fine structure of the interplanetary magnetic field. 
ce facilitate the  study of long-life solar corpuscular beams 

I n  1961, Bryant et al. 11171 r ec  ed two cases of i n  
> 3 MeV (October in  the intensity of solar protons with 

and December 1, 1961) with the help of the satellite ' ~ x ~ ~ o ~ e ~ ~  
'12". 
coincided with the commencement 0% magnetic s torm and 
Forbush decrease, a &  that moment w 
intersected the active region respon 

mic rays during the pre 
de of the increases QIB 

These increases were not connected w itta 8 olar flares bu 

the central meridian 
for the flare and incr 

was very small and a s  such., they probably could not be recorded 
by riometers. 

ent direct measurements by Snyder and Neugebauer 
Mariner-2" i n  the ~ n t e r ~ l a n e ~ a ~ y  space testify to the 

27-day s t ructme of the interplanetary There was no 
special equipment on "Explorer-12M fo uring the plasma but 
increases i n  the intensity of grotone wit  3 Mev indicate 

lasrraa and magnetic fie1 ag the protons 
surrounding, can accelerate them locally OB" can 

evious flare of solar rticles remaining from the 

ig. 11.1 shows the intensity of pro 
magnetosphere from the subsolar 
er 3Q - -  October 28, 1961, A cl 
961 caused a Parge increase i n  the f lux  of co 

solar protons. After two d 
(9 already been maximum, 
ith t k  > 3 Mew was reCo 

rzbl w ith sudden comment 

aximu.m intensity of September 28,  196 1 increase. 

recorCed by 'Explorer-12" ground neutron 
observed ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ s ~ y .  increase in the 
and g e ~ ~ ~ ~ ~ i ~ a l  dlsturbancee? were fin 
A new increase 
geomagnetic skor This ~ ~ ~ ~ e a s ~  is not 



similar to the flare of cosmic rays, it was not preceded by solar 
disturbance and the event lasted for only a few hours. 
the time of arr ival  of particles did not depend on their velocity, 
i. e., form of the spectrum during the event practically did not 
change, while index i n  the range &k = 3-10 Mev was  within the 
limits of 4-5. Bryant  et al. [I171 consider that the October 27, 
1961 increase is related to the long-life corpuscular beam from 
September 28, 1961 flare. 

Moreaver, 

Octcber 1961 

Fig. 11.11 Intensity of protons with 2, during Seplembey 30 - 
October 28, 1961 from the dat@ of 'Explorer-12 [I1 ?]. 

A similar event was recorded on December 1, 1961, 
three weeks after November 10, 1961 solar flare which had occtxr- 
red a t  the western l ihb  of the 
emission of type N and outbur 
increase d December 1 was a ~ ~ ~ ~ p a n i e d  by a magnetic storm 
and Forbush effect. 
acrex?~ % e  central meridia 
November 10, 19 I t h r a  L;ta2 +&en D h c e ,  Thus, the existence 
of long-life flux plasma is once again confirmed aad the time 
differences can be explained y the difference in the location of 
corresponding solar flares ~ 

nd was followed by rad' 
solar protons [ 1.231 ., e 

Thir event coincided with the passage, 
af an active region where 
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The increase of September 18, mentioned in the work of 
Bryant et al. [117] has apparently the same nature  as, the 
December 27, and 1, 1961, events. 

I n  another work of Bryant et al. [119], proof ie given 
of the prolonged existence of protons with & k  = 3-20 Mev in the 
interplanetary space. 
ponds to the threshold of the detector used. 
expected that the spectrum of this new component is diffused i n  
the region of much lower energies. AS mentioned by McDonald 
and Desai [120], the increases in the flux of low-energy protons 
were recorded by "Explorer-14" in 1963 during seven conse- 
cutive revolutions of the Sun and the width of the beams changed 
within the limits of 30-1200. These seven events could be  identi- 
fied with the long-life series of M-regions or geomagnetic storms 
which started in August 1962, repeated every 27 days, and conti- 
nued during the whole of 1964. 
features of these events : 
sec-! steradm1 for  6, > 3 haev); 2) energy spectrum of =e 
form + exp C- Ek/ €*I where 
protons and &# N, 2 Mev at 6, = 3-20 MeV; 3) absence of a 
direct relation with solar flares or radio emission of type IV; 4) 
quasiequilibrium state confirmed by the absence of dispersion of 
velocities during propagation of particles and by the absence of 
anisotropy in the direction af propagation of particles; 5 )  27-day 
cycle ; 6)  rigid relation with geomagnetic disturbances; 7) sharp 
difference in the nature of increase and decrease in the intensity 
from that observed for increases due to solar flares. 

The lower limit of about 3 Mev cor res -  
Hence, it can be 

Following are  the characteristic 
1) very low intensity (about 1-5 cm-2 

k is the kinetic energy of 

Wi th  the aid of satellites TMP-1" ("Explorer-18"), 
Bryant et al. [I191 recorded a number of other recurrent  
events. At least in 3 cases during the end of 1963 and beginning 
of 1964, low-energy protons, observed on "IMP-I", came from 
the same regions of the Sun as dur'ing the observations on 
"Explorer -l4'Ie Fig. 11.2 shows the spectra a t  the time of 
maximum increase fo r  a number of events during the f i r s t  half 
of 1963, In general, parameter changes to a lesser 
extent during one event. At such low energies, exponential 
spectrum fr~om kinetic energy is equivalent to  the power 
spectrum of total energy in Mev and y = 25 0. Data at higher 
energies ( gk'> 80 MeV) for May 2 ,  1963 event with intensity 
of 0.1 proton. cm-?l sec- i  steradg1 cannot be attributed to any 
of the above-mentioned expressions. 
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0 Feb. 11, 1963 

.i March 10, 1953 

o Aprii 5 ,  1763 

a May 2 .  1963 

* May 17. 1963 

(I June 25.  1963 

e,, Mev 

Fig. 11.2 .  Integral energy spectra of incveases in the intensity of protons . 

during the first half of 1963. Data is  given for those events when 
maxinzum intensity was obseMed for protons with 4 k > 6 MeV 
[119]. 

U p  to this time, the question is not clear as to where low- 
energy protons are accelerated - .. near the surface of the5un 
or in the interplanetary space (in the turbulent region between 
the fast-moving plasma of corpuscular beam and the surround- 
ing slow-moving solar wind). . Bryant e t  al. [ll9] prefer the 
latter of the two possibilities and consider that the data obtained*& 
by them confirm this point of view. 

Acceleration in the turbulent region may be similar to 
the mechanism suggested by Parker  [1~3] for fhe case of shock 
wave spreading in the interplanetary space. 
capture of low-energy solar particles appears to be less  probable 
to the authors [I191 because these par t ides  can very freely 
propagate from the Sun to the Earth. 

However, effective 
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Solar cor.puscular beams, cons istigg of low-energy 
protons, were studied by Sinno I1221 and Mori e t  al. [ 1231 a s  
the source of geomagnetic disturbances from M-regions of the 
Sun during August 1962 and end of 1964. Plasma, related to 
such a beam, was observed in the cosmic space by Snyder 
1241 in September-December 1962. 

Some large outbursts, described here,were also record- 
ed by Van Allen and Whelpley [IV.ZO]  { on "hjun-1"') and Masley 
et al. [l3.21] (from the data of polar riometers). However, 
observations on "Explorer-14'' for the first time made it 
possible to undertake a systematic study of increase of low- 
energy solar protons with sufficiently sensitive equipment in 
order to get their energy spectfa and to prove the recurrent 
nature of these events. 

Identification of long-;life active regions on the Sun, 
responsible for M-disturbances, was doubted upon for a long 
time. Two recurrent events, recorded by "Explorer-12" in 
1961; finally showed that the corpuscular beams and geomagnetic 
M-disturbances are observed about a day after the passage of 
active region through the central meridian. 

During the flight of "Mariner-4" to  the Mars  and after- 
wards (November 28, 1964 - October 1, 1965), Krimigis et al. 
11251 recorded protons with 
planetary magnetic fields w e r e  measured simultaneously. 
short resume of the obtained results is given below : 

500 kev; moreoverr inter- 
A 

1. Sdr t ing  from 1803rd revolution of the Sun, magnetic 
field dur'mg the period 3 6 days was opposite in direction as 
compared to 
dean spiral  a 

component corresponding to the ideal Archime- 
the picture repeated every 27 days. 

2. Eve y change in the direction of the field was accom- 
panied by the i x mediate appearance of protons With k 3 0.5 
MeV. Their intensity during 1803rd revolution was - 0. 8 cm-? 
sec-1. sterad-1; during 1807th revolution, the intensity attained 
the maximum value of - - 6  cm-2. sec-1.sterad-1 and later on, 
decreased to 0.3 cm-2. sec-1. sterad'l in  1808th revolution -- 
the last revolution during which measurements were taken. 
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4, The intensity of field has a characteristic increase of 
i n  .the beginning of every spectrum with a time lag 

berwards as the pai t ides  disappear, 
rmal value and once again, shows an 

y in one caseo there is a definite relation between 
event and sudden cammencement of the geomagnetic is ty 

8 torrn, 

may be mentioned that some small proton f lares  a r e  
d to  variable sign of the field and they do not have 

27-day periodicity e 

Observational data of protons with kinetic energies 
= 0.88-4 Mev during the 10 

-4” in the i ~ t ~ r p l a n e ~ r y  
In the work of Krimigis and 

months of the flight of 
medium a r e  discussed in d 
Van Allen [ 1261 e 

of solar cosmic rays were noticed whose intensity was more 
than 0.12 crn--2.sece1. sterad-l  (threshold sensitivity of 
detectors). A clear anticorrelation between the frequency of 
appearance d solar protons a the intensity of galactic 
cosmic rays is mentioned. 
events of strong flares of co 
one of them could be identified with chromospheric flare. 
energy spectrum d protons in this case was ve 
the time variation of intensity of particles with 
measured by Geiger counter, is well described 
tiop of f ree  diffusion in &e interplanetary medium. 
remaining 19 events, change in intensity with time has 
asymmetrical profile and lasts from one to a few days, The 
ratio of intensities, measured by the two detectors remained 
almost the same during the period which is  in agreement with 
the differential energy spectrum 

-600 kev or dI/d k k”’where y = 2-4, 
e appearance of‘ 

ring this period, 2 0  events af appearance 

ing February 5 -13, 1965 I 2 
c rays were observed but o 

The 

In the 

f the type dI/dEk = exp ( e,/&:::) 
lar protons coincided wif i  
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Forbush effects and in seven cases, with the sudden commence- 
ment of geomagnetic storms. 
lntens ity of electrons was never (excepting February 5 -13 
event) more than that of protons with E, 7 5 00 kev. The 
nature of the recorded law-energy protons and the nature of 
their propagation in the interplanetary medium a re  described 
in short. 

It was discovered that the 

Results of measurements, conducted simultaneously on 
satellite @IMP-2" (launched in  October 1964), OIMP-3' 
(launched in May 1965) and on spaceship "'Mariner-4'*, are 
given in the work of O'Gallagher and Simpson {127]. 
equipment, installed on these satellites, facilitated separation of 
beams of protons and helium nuclei in  the range e,= 11470 
Mev/nucleo n. 

The 

The observed data on f lux of protons with &,>l and 
EkT 15 Mev a re  interpreted by authors 11273 in the follawing 

way. 

1. In some cases, protons from solar flares propagate 
in strictly limited space regions which have the same characte- 
ristics as the rotating sectors of interplanetary ma'gnetic field 4 

Mor-eover, proton beams take part in the rotation. 

2. This anisotropy of propagation is very strongly 
related to the spectral structure of the magnetic field. If the 
difference in longitudes between the central meridian and the 
region of chromospheric flare is more than or appraximately 
equal to 40°, the particles cannot reach the Earth. 

3. Beams of low-energy protons, recorded in other 
experiments with 27-day cycle, can exist during a few revolu- 
tions of the Sun and they diffuse up to a distance of 71.5 
astronomical units e 

Measurements of O'Gallagher and Simpson [I271 were 
made during the minimum solar activity; therefore, the 
effects observed in 1965 have much lesser value than those 
measured on the satellite "IMP-1" in 11964. 
of increases recorded in 1965 along with the data on solar 
activity i s  given in Table 11.1. Amongst all the observed events, 
follawing are the most interesting. 
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First of all, the increase recorded on the 228th day of 
1965 i s  of great interest. 
flare, situated at 75O west of the Sun-'WP-3' line easily reach- 
ed this satellite. 
at 40° towards east  of "IMP-3" did not record any increase. 
This east-west effect testifies to the strong anisotropy of 
propagation of solar protons in the interplane 
fie1d.s. 
fined since, on this day, optical f lare  on the Sun was not de- 
tected. 
not recorded on 

Protom from the powerful solar 

But the instruments on "Mariner -4" situated 
, 

Another case of thi 

Proton beam in this case reached 8'Mariner-=48' but wa 

type ( 2  19th day of 1965) is less  de-  

Events of another type a r e  r 
solar protons together with the rota 
crease in proton,intensity, recorded by 'I 

PElOth day, was preceded by class 2 solar 
24 hours earlier a t  36O 
increase was recorded 
difference between the 

terplanetary field ( 
ed time ( 0.7 day) 

dlffus Lon. Another eve 
related to solar f lare b 

& w a s  shown by the measurement 
t increases in the intensity of pr 
were weak and probably8 c,ould 

riometers, Ac ye a s  mentioned by G 
[l29], riomete 
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icator af weak prot 
Gregory and Newdick 

e r s ,  arrived at the 

the fact that 
comes n 

nts onfminwere mad a t  the stations Scot- 
le t  ( 75 OS) and Re solute ( 830N). 
ata, Gregory and N 

at the conclusion that slow protons during September 28, 1961 
flare were captured in the trap with angular dimensicms of 
20° in the ecliptic plane and slotvly came aut of it. 

In the work of Bryant e t  al. [119],, it is assumed that 
the increase in the flux Qf slow protons in the interplanetary 
spaee on September 7, 196 1 was caused by a chromospheric 
flare on the invisible side of the Sun. 
Gregory and Newdick 11291 confirm that this increase is related 
to a 54 -day reeurr ence of the beam which was for the f i r s t  time 
observed on July 12-17, 1961. The low-flux event of February 
was apparently a repetition of the January 11-14, 1960 event. 

Data obtained by 

There a r i ses  one question: a r e  the observed recurrent 
enomena caused by continuous 

15 Mev  from active r e  
d 



SPECTRUM, COMPOSITION AND FLUX VARIATIONS 

Interesting data on low -energy primary par ticles were 
obtained by Hofmann and Winckler 11301. Measurements 
made on May 12, 1965 (Le., during minimum solar activi 
with the help of a scintillation detector which w a s  blown o 
balloon over Barr ow (Alaska) and drifted to an alti 
pressure of 3.5-5 g/cm3 during 26 hours. The de 
facilitated separation of isotopes of hydrogen and helium nuclei 
in the primary radiation, 

= 70-150 MeV, upper primary deuf 
I m=:  sec- i  sterad-% 

The spectrum of protons in the range  

3 

45 - 6 0  Mev/nucleon and spectrum of primary He3 nuclei in the 
range of 90-150 Mev/nucleon were obtained in the work. 
established that He3/(He3 t He4) ratio is 0.11 -F 0. 05 and 
0.15 t 0.01 a t  energies of 100 and 120 Mev/nuaeon respecti 
lor 0-34 + 0.09 at a rigidity of 0.8 Gv). 
agreement with the results of satellite measurements of 
[ill, 351 i n  the same energy range. 

It was 

These data a r e  in 

Fan et al. [ 13 11 studied the anisotropy and fluctuation of 
the flux of solar protons with E k,= 0.6 -100 Mev f r  am the data 
of measurements on "Pioneer-6" during the period December 
29, 1965-January 4, 1966. Comparing the obtained results 
with the conclusions drawn in works [119, 1351, Fan et alba 
113 11 do not eliminate the possibility that a large portion of 
low-energy protons was accelerated not during flares b 
other types of processes. 
ness of acceleration of particles by magnetic fields of 
planetary space still remains unsolved. 

However the problem of the 

Measurements on protons of solar origin with e k  = 1-5 
Mcv, made by a group of Soviet research workers under the 
guidance of S.N. Vernov [ 1321 during the flight of "Venera--2" 
"Venera-3" and "Zond-3 'I probes, am of great interest. 

Six events of significant increases in the flux of protons 
were recorded during the flight of interplanetary automatic 
stations "Zond-3 ", "Venera-2" and "Venera-3" launched on 
July 18, November 12 and November 12, 1965 respectively. 

ree of these events were recorded by '%ond-3", two by 
"Ventra-2" and one by all the three stations. 



29 the cases 
= 1-5 Mev ar 

s- 

of magnetic disturbance are also 
given on these Figs. - 

J d Y  1965 

bursts of ~ Q W  -en 

“Zond -3 Is during this p e s  iod existed in &he cox pustular beam. 

SigTificant increase iaz the in 
1-5 -Mev on July 29 ,  b965,lasti 
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Doc. 1965 Jan. 1966 

Et&. 11.6.  Oixtbursls of low-energy protons during December 28, 1965 - 
Jazmary 2,  1966 and January 18-24, 1966 from the data of statio 
'Tenern -2 '! 

two days after the en t ry  of the Earth and the "zond-3" in the 
corpuscular beam, Further observations on "'z ond-3 and 
~ " V e n e r ~ - 2 ~ '  showed that during s'ur subsequent revolutions of the 
sun, the active region, responsible for July 29  outburst, did 
not inject 1-5 Mev protons. 

August 16-17, 1965 ou u r s t  was apparently caused b 
the active region of the Sun with coordinates 
it is assumed that solar protons move along 
spirals of the interplan y magnetic field, the velocity 
corpuscular beam in th se is found to be 
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sec. 
magnetic storm with sudden commencement. 

The outburst of August 16-17, 1965 was accompanied by a 

ig. 11.4 shows the third outburst which was accom 
by a n  increase i n  the f l u x  of penetrating proto 
MeV) recorded by gas-  ischarge counter. During 
probably protons with 7 1 Gev propagated to the 
is confirmed by the increase in the reading of neutron monitor 
at Deep River. 

As may be s e e n  f rom Fig. 11.4,the third increase has a 
very complicated profile. 
September and continued up to October 8, 1965, The active 
reg ion, which appeared on the Sun at  0715 UT onSeptember 
26 (2OON 90OE) existed right up t o  0735 UT on October 8, 1965 
(22ON, 76OW). 
2 flares, twelve class 1 flares and many weaker flares were 
observed in this reg ion. Moreover, another class 2 flare was 
observed a t  0935 U T  in another active region which on October 
4 had the coordinates 2ZoS, 29OW. 
these f lares  cannot be responsible fop. the appearance of 1-5  Mev 
protons which could have moved along Archimedean sp-iral 
corresponding to radial plasma speed of 2 00-400 km/sec. 

This increase started in the end of 

During this period one class 2' flare, six class 

However, as shown in [132], 

Fig. 11.5 shows the data on increase in the intensity of 
1-5 Mev protons on November 27, 1965, recorded on three 
interplanetary probes : "Venera-2","Venera-3 ' I  and "zond-3'' 
The distance between the probes "Venera-2" and "Venera-3" 
at that t ime was l o 6  km. 
mum of the increase on "Venera-3" as compared to "Venera-2" 
can be explained by the fact that the period of rotation of 
"Venera-3'' was much more  .than the average interval of data 
which could lead to some moduktioq in the counting rate  of 
"Venera-3". Additional modulation due to probe rotation appa- 
rently could not change the time of steep front of increase in 
the intensity and therefore, a s  expected, sudden increase was 
simultaneous on "Venera-2" and "Venera-3". (The period of 
rotation of these probes was much less than the average time). 

The observed displacement of maxi-. 

During the November 27, 1965 mtbur st, probes 'Tenera- 
2 '' and "Z ond-3 'I were situated in such a way that the cor pus - 
cular beam in the beginning reached "Venera-2" and then 
"Zond-3", the velocity of the beam being less than 350 km/sec.  
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An analys is of Fig. 11 -5  helps in drawing the follawing 
picture of the process of acceleration and propagation of 1-5 
Mev protons in the interplanetary space 11321. 

Protons a r e  accelerated on the Sun and move along lines 
of force of the magnetic field, twisted along an Archimedean 
spiral. November 24,  1965, there was  very weak beam of 
protons a t  the line of force passing thrplgh "Venera-28' and a 
beam of very high intensity at the line of force passing 
through "Zond-3'@. On November 26, 1965, there appeared a 
strong beam of particles a t  the line of force 
'Yenera-2" and 'Yenera-3 ". 
beam appeared a t  the line of force passing through "Zond-3 ". 
This flare lasted for more than one day and the sudden increase 
0n "'Zond-3" on November 27, 1965 can be  interpreted as 
transmission of a line of force to "'Zond-3 I' highly enriched 
with protons and leading to November 26, 1965 increase on 
'Tenera-2" and "Venera-3'*- 
220 km/sec of the corpusculafr beam. 
consisting of 1-5 Mev protons is of the order of 3 ~ 1 0 ~ ~  cm. 

ssing through 
At that very times much weaker 

This gives r i s e  to a velocity crf 
The width of beams 

Let u s  assume that the minimum of the intensity 
mic rays recordea by counter on "Venera-2 '' and 'Yen 
on November 24, 1965, is c sed by corpuscular beam, 
from the time lag (e 24 mi of minimum intensity a t  I '  

with respect to 'Tenera H and "Venera-3 it foP1 
average velocity of this 
other hand, f rom the fact  that the width of 
"'zond-3" is more than that on 'Yenera-2 'I  and p"Venera-3"', it 
follows that the velocity of the beam decreases with time f rom 
290 to 190 km/sec at  width of the 
low velocities of plasma have not 
time by direct  methods. 

a m  is equal to 200 km/sec. On t 
IS minimum on 

am equal to 1013 cm. Such 
en observed up to this 

It shauld be pointed out that the velocities of beams 
obtained in [132] were determined from the pitch 
Archimedean spiral. But the s 
not precisely correspond to th 
gets deformed due to nonuniform e j  
given active region on the Sun 

tic fibers of the-neighboring r e  
also not be eliminated that as 
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f rom the Sun, its velocity deviates f rom the radial direction and 
has a tendency to or ient along the magnetic field. 
the pitch Qf the spiral  will continuously decrease with increase 
in distance from the Sun. 
the experimental daka on time h g  without 

p e d s  of .W 200 m/sec andper 
ec or more whic was many times 

In this c 

This picture sati 

tg. 11.6 shows data of e increases in the 
intensity d protons observed during December 28, 1965- 
January 2, 1966 and January 18-24, 1966. Noticeable duration 
of these two increases compared to the previcus ones which 
is possibly related to super'imposition of many flares fro 

ficant Fsrbush-decreases (especially on January 18-24, 196 
recorded by Geiger counter on Venera-2" confirm it. 

neighboring active regions on the Sun cannot be ignored. i- 

Byteomparing the above-mentioned events of 
in the flux of 1-5 Mev protons during the flight of "V 
Venera-3" and "Zond-3 @' probes, It can.apparently be concluded 
that August 16-17, 1965 and December 28, 1965 -January 2,  
1966 events a r e  related to the same ac ive region while Septem- 
ber 29-October 4, November 2'7, 1965 nuary 18-24:: '1966 
events, t o  another region on the Sup'w C O T ~ ~ O R  for all 
the three events. 

cw 

Ch the basis of the obtained results, .N. irernov et  al. 
E1323 arr ive a t  the conclusion that the Sun generates not 
high-energy protons but also, very often, low-energy pr 
(1-5 Mev). 

In most of the cases, high-energy protons propagate 
the interplanetary space by di sion. As is obvious from 
Figs. 11.3 - 11.6, time dependence intensity of 1-5 
protons sometimes differ much fr  
Thus, a t  least near the minimum 8 tivity, 1-5 MeV, 
protons propagate in the interplane 
force. This conclusion is confirmed by the measurement 
Bartley et  al. E1331 and McCracken and Ness 
that the angular distribution of protons with 
is anisotropic and their velocities are usually directed away 
from the Sun. 

for diffusion process. 

ace along the 1 
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If the corpuscular beam has magnetic field whose lines 
of force extend up to the active region on the Sun, low-energy 
protons generabed in this region freely move in a spiral  along 
the lines of force of the magnetic field. Thus, the corpuscular 
beam creates some tunnel along which comparatively low-energy 
protons can leave the Sun and attain regions situated a t  signifi- 
cant distances from the Sun. 

This assumption is confirmed by the data obtained by 
F a n  et al. [135] i n  1964 on the satellite "Explorer-18" 
(wIMP-las). 
w a s  recorded on this satellite every 27 days during many succes- 
sive revolutions of the Sun which points out the continuous dis- 
appearance of these protons from one active region of the Sun i n  
the corpuscular beam. However, experimental results obtained 
by S. N, Vernov et al. [132] allow o n e  to assume that the 
emission of protons often lasts for less than one revolution 
of the Sun. Obviously, the active regions do not always 
generate protons or create conditions for  their exit f rom the 
source periodically (and sometimes, for a long time). 

The increase i n  the intensity of low-energy protons 

With the aid of satellite "IMP-1" Fan e t  al. 11351 in 
1964 conducted measurements on beams of protons with 
Mevduring six consecutive 27-day intervals and each of the 
beams was observed for a few days. The energy spectra of 
protons was measured at  the beglnnhg and a t  the end of appear- 
ance of the beam. 
of the type- Ek" in the energy range of 2 -30 Mev/nucleon were 
detected. 
fact that beams of protons and a-particles were observed not 
only within the reg ions rotating along with the Sun but constantly 
exist in the interplanetary space (with lesser intensity and other 
spectra) for 2.5 months. 
acceleration of protons and a-particles a r e  discussed in [135]. 
Description of the apparatus installed on "IMP- 1" was published 
by Fan et  al. I1361 earlier. 

k ';p 1 

In the same beam, particles with spectrum 

Data of the satellite "OG0-1"[135] carf i rm the 

Possible mechanisms of continuous 

At present, there are direct proofs of the fact that the 
interplanetary magnetic field changes the direction and increases 
in intensity almost a t  the same time when a beam of low-energy 
protons appears. Wilcox and Ness [137] discovered that regions 
of intens ifie d magnetic field appear simultaneously with a change 
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in its sign. 
beams in the interplanetary space which r o e t e  along with the 
Sun independent of the direction of the field. 

Fan et  al. 11353 show that there are always proton 

Differential spectra of protons obtained in the end of 
It is seen that spectrum 

1 than in 
1963 [ 1351 a r e  shown in Fig. 11, 7. 
i n  the leading Pa r t  of t e beam is more rigid ("Ek 
the lagging part  (-E,' ) *  

- 4  5 

Fig. 1 1 .  7 .  Spectra of low -energy protons from the data of 'IMP-I " in 
December 1963: 
I - in the leadirg part of the beam: 2 .. in the lagging w& of the 
beam. 

The spectra of helium (a-particles) from Galaxy for e,> 7 Mevlnucleon were  studied by Fan et al. [135] on the 
It was discovered that in- 

This indicates the presence of an  additional flux of 

satellites '!TMP-l'l and "ZMP-2"'. 
clination of the spectrum changes sign at 
nucleon. 
helium at  low energies and that the appearance of this f lux  
possesses a 27-day cycle. 
of protons and helium nuclei with ck,= 1 3 5  Mevlnucleon in 
the presence of cosmic ray back-ground was installed on the 
satellite 'tIM.P-l'' [135]. 

2 0  MeV/ 

A telescope, facilitating recording 
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Although the amplitude of 27-day variatian was very : 

small in the end of 1964 (minimum Solar activity), Fan et al. 
[135] ccruld ascertain this variation many times and a160 dur 
Cktober 18-19, 1964 event. This period too iS chracberize 
by changes *in neutron intensity (from the data on ground 
monitors) and increase in the flwt of protons with &,'?1 MeV/ 

' 

are Shawn in Fig. 11.8. Stmilar spectra were also obtained 
on November 16-17 1964. For comparieon, the spectrum d 
helium nuclei ( 6kd* @) In primary cosmk radiation, measured 
on satellite "OGO-1'' is shown in Fig. 11.8. 
lar events were recorded. 
'IkfP - 2- haw t b t  bel iuh  i are related Gams of 
protoaa in the regions rotating aloolg with the Sun. 

In all, five simi- 
se results along with the data of 

_- 

Fig. 11.8.  Spectra of prot&ns and hu-energy a-particles on October 
from the data of 'IMP-1 '; 'TIMP-2"amt 'VG 
3 - protopts: 2 - low-energy a-pqlrticles; 3 - 
galactic cosmic rays. 

Judging from "RvlP-ll' data, there are no low-energy 
protons in between these regions, However, subsequent 
measurements on B'OGO-l'' showed 
particles of very low intensity were 
-planetary.space in the and af 1964. 
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protons, convincingly confirms that the origin of these com 
nents is the same. 
galactic origin or appear i n  the solar system? Io this OOnneCtion, 

The question a r i ses  whether they have 

tention is drawn to the fact that, according to Fan et al. 
351, on about December 1, 1964, the flux of helium nuclei 

alactic origin in the region of very low energies increased 
y about 1.5 times. Q the other hand, i t  may be seen f rom 

s ignif icant increase in th 
= 1-3 0 Mev/nuc 
ber 1964 (quiet 

argument against diffusion of 

The possibility of acceleratian 
system appears to be more probable: 
the regions with strong magnetic field interplanetary 
space in the rotating structure of the field or in the region of 
interaction with irregular magnetic fields beyond the limits of 
the Earth's orbit. 

ticlee In the 8 0  

near the Sun tn 

The particles accelerated tn these processes by diffusion 
and convection gradually f i l l  the solar system and go out in 
the Galaxy. The changes, observed with passage of ttme, 
Ln the intensity and spectrum of protons a helium musi be 
defined by the properties of the "source" whkh must be mffi- 
ciently powerful to retain the dynamic equilibrium ob the 

In this connection8 it may be interesting to study the operation 
of this source in the period of high solar activity and its ability 
to generate particles with &k a 100 Mev/nucleon and spectrum 
similar to one observed in 1961 by Vogt [138] in the range of 
80-300 Mev/nucleon. 

rticles i n  the solar system during the minimum solar  activity. 

It is also significant to explain the reason why there le 
no increase B the flux of protons and helium in the regions 
(which are  identified on the basis d direct measurements of 
ndgnetic fields and plasma or f rom the data on modulation of 
cosmic rays)rotating along with the Sun. Moreover, the 
existence of stable space structure of proton beams helps in 
assuming the possibility of continuous disappearance a€ protons 
along qagnetic channels f rom the 
assumption of solar acceleration 
is more preferable. 

h view of this, the 
observed particles 
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same Fig. are shown the spectra for higher energies obtained 
st 8, 1961 and By Bryant et a1 
p of counting telescopes as well 

Meyer and Vogt [139] on A 

spectra of Fichtel and Guss I1411 obtained on July 8, 1961 
231 in August. 1961 with the 

from the data ob p ~ t o e m ~ s ~ ~ .  All these data refer to 
ich were not precGded bylarge solar flar 
measurements in  the re ion ofliigh ener 

similar to each other b 
me'asure ment 8 e 

re su l t s  of e m ~ l s i o  

Important results on protons 
were o b t ~ n e ~  by Freier and 
emulsiqn measurements o 
26, 1960. The upper limi 
intensity of protons o s ig~f i can t ly  differ s from 
me a s  ur e ment re s ults 
tember 15,. 1960 obaerve eam with intensity of 
about 121 1: 6 rn-2.sec-! ogt 11381 also conducted 
observations in stratosphere over Churchill but a sodium 
iodide crystal served a s  the detector of particles in this case. 

The differential spectra df psotons obtainedin 1960 
by Vogt [138] and Freier and Waddington 11421 are  shoyra_-on 
Fig. 11.11, a. The light symb01~ ,show the data of phWo - 
e m u l ~ f o n ~  while the dark symbols show the results of counter 
measurements. It is very important to mention that the value 
of the intensity obtained from emulsion data is actually the 
upper limit since the intensity of secondary protons, formed in  
a i r  over the detector, was not subtracted from the measure- 
ment data. In this conaection, Freier a@ Waddington put 
forward the suggestion that the decrease in the.intensity of 
low-energy protons, observed. in a number of experiments 
alter 1960, was caused not by a decrease in the primpry flux 
of these protons but only by the introduction of correction 
for secondary particle S. 

All  the published results on the measurement .of f lux  
of. low-energy protons during the years  1961, .1962 and 
1963 are  given ia FigS.ll.11, b,c and d. The results of 
W y e r  and Vogt f1391 Flchtel e t  al. [142], Bryant e t  al, 
[I. 231 and Stone [ 1401 are r e  pre sented in Fig. 1 1.1 1, b. 
Fig. 1 1 . 1 1 , ~  gives the measurement! data of Adeyer and Vogt 
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of view, the remaining solar flares are not associated with 
emission of solar cosmic rays .  
ments conducted by different authors showed that the boundary 
between these two groups of flares is more quantitative that 
qualitative. On the other hand, much progress in the 
observational methods (in particular, riometric observations 1 
and more detailed analysis of previous data pointed to a clearly- 
observed tendency of widening the class of "protona flares 
due to more and more weaker effects. 

However, numerous experi-  

Recently, it became clear that some of the effects could 
not be recorded on the Earth even with the aid of ionospheric 
observations in the polar cap. Moreover, some of the flare 
effects could have been masked by modulation processes in  the 
solar system. Due to  this, the class of I' proton" flares should 
be wider. Insufficiency of experimental data on small  effects, 
for the first time detected in 1954 by Freier [I.7], did not 
facilitate their comparison with large effects. 
the spectra of particles, responsible €or small effects, appeared 
to  be c u t  off near &*lo* ev  which differentiated these effects 
from Large increases usually accompanied by powerful polar 
absorptions. 

Due to this, 

A s  already mentioned, measurements made by Vogt 
[138] during previous years  pointed out a stable beam of 
particles with &k 4 200 Mev which was not of galactic origin. 
These results a%e confirmed by the measurements of Stone 
[140] and Bryant et al. [I. 231. 
t r ied to substantiate the assumption that this stable constant 
beam is the I1taiP of the energy spectrum of particles from 
small increases. 

B. M. Vladimirskii [148] 

According to the estimates of L. I. Dorman and E. V. 
Kolomeets and G.A. Sergeeva [l50], the spectrum of particles 
during small outbursts in 3-20 Gev range does not significantly 
differ from the spectra of large outbursts. 
established for most of the cases that the spectrum is diffused 
in  the region of low energies. 

It has been 

Let us show that f lux of particles from small outbursts 
should be practically constant for 6k4200 Mev. It has been 
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detabtished that small effects of the outbursts are apparently 
related to all the €lares whicjr are accompanied by the ehort- 
lived effects in the D-layer of the ionosphere observed at 
medium latitudes (see Section 5 ) .  According to- Hachenburg 
and Krzger [150], 70-80% of class 2 flares and about 20% 
of class 1 flares are accompanied by Definger effect. The 
frequency of such events during Vo&S measur.emente [138] 
was one flare every 16 hours. Mo&wer, according to  Biewas 
e t  al. [I. 241, the exponential law of decrease in the intensity 
with time constant equal to  22 4 2 hours for 6,4200 Mev 
protons can be used far the measurement period [138]. 
Then the intensity after any effect decreases by not more than 
50% before the beginning of f i e  next effect. If there exist 
such flares whose spectrum is not diffused i n  the relativistic 
region, the fluctuations will of course be,still smaller. 
average spectrum of this type of particles must be similar 
to the spectrum observed about 16 hours after the commence- 
ment of a large increase. 

. 

The 

Fig. 11.12 shows the dependence of characteristic 
rigidity Ro on time for the flares on February 23,’1956, 
July 16, 1959, May 4, 1960, November 12 and 15, 1960 
and on July 18, 1961. The spect’rum in this case has the 
form (8 .8 ) ;  values of Ro are taken from the work of Freier 
and Webber 161 while the time along the ordinate is counted 
from the time of beginning of the outburst at sea level. If 
the data of Vogt [138] are represented in a similar way, 
w e  get d I / m  = 8.. 2 exp (-R/18O)[m-? SeC-! sterad”, MV”L 
The ualue.Ro = 180 Mev is masked on gig. 11.12 by a cross. 
It may&e noticed that the position of fi ls  point satisfacfbr‘i~y 

%a MV 

- ”“,c1--%54 

1 
t, hour. 

Fig. 21.12. Dependence of spectrum of solar ; 
cdmic rays on of the effect at ’ - seu level. 
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corresponds to the adopted average frequency of the f lares  
(1 /16 hour -1 1. 

range under reference must lead to the presence of constant 
additional ionization in the polar ionosphere. Such an effect 
was actually detected by Gregori [l52]. 
B. M. Vladimirskii 11481, for the profke of electron concent- 
ration corresponding to the above -obtSlned spectrum, give 
large deviations from Gergori's experimental data I1521 (see 
Table 11.4); 

The existence of a constant f l u x  of protons in the energy 

Calculations given by 

TABLE 1 1 . 4  

Comparison of calculated 11481 and measured [152] electron con- 
dentration i n  polar bnosphere 

80 130 160 2 

85 100 I30 55 

90 80 

100 35 

110 

50 

100 

200 

The calculations [148] were made for the case when the 
beam of solar particles consisted of only protons as  well as  for 
the beam containing o( -particles. The accuracy of calculations 
corresponds to  an e r r o r  of about t 50%. ,The accuracy of 
Gregori's experimental data [I521 is apparently even lesser, 
Thus, based on the given analysis, it is not possible to answer 
the question as to whether the continuous beam .of2so&ar comic 
rays is the main source of ionization in  D-layer of the polar 
ionosphere at night and as to whether the ionospheric data 
can be used as  an indicator of this beam. 
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Determination of nuclear composition of the beam of 
particles at rigidity less than 0.6 Gv is very important for-  
the study of the effects of small increases. 
spectra of &-particles in 1957 -58 were obtained after strong 
solar flares and therefore, it was impossible to  conclude 
about *the constantly existing beam of +particles on the basis 
of these measurements [148]. 

However, all the 

A significant role of solar component should be expected 
in the observed charge distribution at high energies (R61  Gv) 
especially of r a re  nuclei. It can be illustrated on the example 
ofHe3 isotope which, as assumed, was detected recently in  
galactic cosmic rays. As mentioned above, a significant 
concentration of He3 nuclei was detected by Schaefler and 
Z a r i n g e r  [I.56] for November 12, 1960 flare and the ratio 
He3: 
dered to  be typical of flares and i f  the spectrum obtained i n  
11481 is extrapolated to  R = l  Gv, the intensity of the beam from 
the Sun will be 3.3~10'3 m'2.sec-1. sterad-l. MV"~.  On the 
other hand, at the same rigidity and basing o n  the  Hea/(He3tHe4) - 0.2-0. 3 (Apparao [153], Foster and Malvey [154]) and 
intensity of 6 -particles (En ler et al*[155]) we get the,value of 
(8&.4)~1O-~rZ~~ sec'l. sterad -!Mv-l. This rough estiirhate shows 
that it is not at a l l  eliminated that the whole of He3 i n  this 
region of spectrum is of solar origin. 

p - 0.1. If such a concentration of He3 isotope is consi- 

It can  thus be concluded that the flares, responsible for 
small  effects of the outburst at sea level, can  be taken as very 
weak "proton" flares. The following argument can be cited 
in  favor of this conclusion. It was established that, on a n  
average, there is a rough proportionality between the value 
of flare effect, power of radio emission in  the centimeter 
range and intensity of X-ray on radiation. 
of distribution of these effects according to power monotonically 
increases on transition to  weaker effects. 
according to  Takakura [156]. amplitude distribution function 
of radio emission h = 10 c m  has the form A ( 
The distribution of X-ray radiation according 
be represented in a similar way. 
the distribution function of flares according to  t 
accelerated protons and nuclei is a characteristic feature of 
most (if not all) of the chromospheric flares, 

But the frequency 

FOP example, 

I)  = H-0.75. 
frequency can 

It is natural 
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Small effects of increases in the intensity of cosmic 
r a y s  after chromospheric flares were till recently studied in 
the region 6 FGev. 
low energies also is obviously of interest. 

The study of weak effects in the region of 

+ By analyzing the effects of f lares of 2 class 1 from the 
data of strat0spheri.c measurements over Murmansk du.ring June 
1957 -June 1964, B, M. Vladimirskii [157] detected an increase 
of 3 -4% in the intensity of protons (the effect w a s  also observed 
at the latitude of Mirny). 
of low energies was foretold by L. I. Dorman ([l. 11, Section 
21). 
of about 0.6 cm-? sec- l  of the particles withb4>100 &v. 
a value of flux corresponds to the average interval of time 
4.5 hours after the commencement of solar €rare and is 
apparentJy the maximum. 
maximum for this energy range decreases with time constant 
To 
flares in  1957-59), it was concluded in [157] that there should be 
a constant, although intensly fluctuating, flux of solar comic 
r a y s  during the period of maximum activity. This conclusion 
is the indirect proof of the results of measurement 1138, 1391 
and their interpretation. Apparently, cosmic rays a re  generated 
in practically all the cases during small flares. 
to mention [157] that the mean free path spectrum €or absorption 
of protons, giving rise to small effect, was similar to the 
spectrum observed after large flares, for example on May 4, 
1960. It testifies to  the similarity of integral energy spectra 
of solar particles for effects of both the types. 

The opserved effect'in the region 

The amplitude of increase N 3-4% corresponds to the flux 
Such 

Since the intensity after attaining the 

22 hours (which is comparable to the frequency of class 1' 

It is important 

12. SOLAR FLARES AND LUMINESCENCE O F  THE MOOiV 
AND T€TE MERCURY 

12.1 Luminescence of the &loon. On the night of Novem- 
ber 1-2, 1963, Kopal and Rackham [158] at Pic du Midi 
Observatory (France) obtained photographs of the Moon from 
which two instances of intensification of red radiation of a large 
portian of the lunar surface near the Kepler crater  were detected. 
This portion occupied about 1/60th part of the lunar surface 
and the radiation intensity in red light was more than the bright - 
ness of the remaining surface of the Moon by 86 t 3 %. It is  
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about ten times the luminescence effects observed at any other 
place on the Moon by other research workers. 

The observed phenomena are of great interest for 
scientists studying the problems of cosmophysics. It is well 
known that the Moon is subjected to  the action of visible, 
ultraviolet and X-ray radiation of the Sun an6 is also bombarded 
by galactic cosmic rays and high-energy solar particles. 
surface is not protected from external action by the atmospheric 
layer and therefore, it can be  expected that the Moon will 
lum i nes c e. 

Its 

Such a n  assumption was €or the first time put forward 
by Czech astronomer F. Link in 1946 who, ohthe above basis, 
tried to  explain the apparent surplus radiation i n  the region of 
the Earth's shadow on the Moon during some lunar eclipses. 
He attributed this radiation to the effect of ultraviolet radiation 
of solar corona or to the action of high-energy charged 
particles which move f rom the Sun along bent trajectories.  
These two types of radiations a re  subjected to  the "shadow 
effectts of the Earth to a much lesser extent than the visible 
solar light. 

During the last part of fifties, N.A. Kozyrev iri the USSR 
and J. Duby in  France obtained spectroscopic proofs of the 
lunar luminescence. The observation method was borrowed 
by them from Link and they detected, among the dark line s of 
the reflected solar light, lines of lunar origin on  the spectro- 
spectrograms, N . A .  Kozyrev in 1961 put forward the 
hypothesis about the existence of active volcanos in the region 
hypothesis about the existence of active volcanos in the region 
of lunar craters .  Recently, most-detailed measurements were 
made by Greindzher and Ring at the Asiago Observatory (USA). 
They showed that the liminescence goes up to  10% of the inten- 
sity of solar light in  the ultraviolet line of ionized calcium, 

The laboratory exper imetit of Derkhem and Jack 
(Manchestor, England) is closely related to these measurements 
in which they subjected a typical type of meteorite to  proton 
bombardment i n  a n  accelerator. 
illumination was observed in a wide range of wavelengths 

In this experiment, a bright 
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near 6700 a (red line). The possibility is not eliminated that 
a similar illumination can be observed at different sectrons 
of the lunar surface where there  is accumulation of meteoritic 
substances. 
expected in  the region of lunar c ra t e r s  formed due to  the falling 
of big meteorities. 

Apparently, these accumulations snould be 

How to explain the phenomenon observed by Kopal and 
Rackham ? First of all, the assumptl'on about the internal, 
lunar origin of the observed effect should be rejected. The 
huge a rea  with high brightness and small duration of the 
effect (- 15-20 m i n )  would require a high speed of propaga- 
tion of every disturbance along the lunar surface. As suggested 
by Kopal and Hackham, solar activity can be the only cause 
of the observed phenomenon. 

Among other appearances of solar activity on November 
1, 1963, two small solar flares wel'e observed in the same 
active region with helibcordinates of OoN and 25OW during 
1356 -140'7 and 1545-1605 UT respectively. The interval 
between these two flares (about 2 hours) approximately 
corresponds th the interval between two increases i n  red 
radiation in  the region of the Kepler crater. The effects on 
the Moon were observed about 8.5 hours after the flares on 
the Sun, i.e., the effect of X-ray radiation of these flares 
is absolutely'eliminated. 
illumination was caused by the solar corpuscular radiation 
of concentration 500 ~ m ' ~ ,  propagating at a speed of about 
5000 km/sec, 
e r g/c m3. 

\ 

It remains to  suppose that the 

It corresponds to energy density of about 

Going beyond the framework of Kopal and Rackham 
observations, it should be mentioned that excitation of r e d  
illumination of the l u n a r  surface can also be expected during 
sudden increases in the intensity of solar cosmic r a y s .  As 
mentioned in Chapter 11, the energy density of solar cosmic 
rays in  different cases is l o s 9  erg/cm3, i.e., about 100 t imes 
the above -obtained value. 
of solar cosmic rays by diffusion, the 'Pshadow effect" of the 
Earth during lunar eclipses will not have a significant effect 
on their intensity at the Moon's orbit. 
reason, the effect of solar flares can apparently be observed 

Moreover, owing to propagation 

Due to  the same 
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when.the Moon is incomplete, 
illumination of lunar surface at new Moon. The partioles of 
very low-energies can reach the lunar surface since the Moon 
does not have significant magnetic field and is devoid of 
atmosphere. It follows from this that the effect of solar 
flares c a n  be ascertained from the observations on lunar 
surface even in cases when the solar particles of not very 
high energies fail to reach the Earth due to inclined effect 
of the geomagnetic field and due to absorption i n  the Earth's 
at mo s pher e, 

It will be of interest to  record 

Interesting effects should also be expected when the 
Moon is enveloped by solar corpuscular beams which give rise 
to geomagnetic storms, polar auroras and other geophysical 
phe no me na. 

Thus, if the observations of Kopal and Rackham get 
further confirmation, new possibilities wi l l  open before 
research workers of .cosmic space for  qualitative and 
quantitative correction and widening of modern concepts about 
the nature of processes on the lunar surface on the Sun and 
in  the inter planetary space. This method of inve stigatigp will 
be very effective in  organizing a systematic "lunar s e r ~ c e "  
with the help of the world networksof observatories or artificial 
satellites of the Moon, especially, during the years  of high 
solar activity. 

12.2. Possible effect of luminescence of the Mercury. 
If the luminescence is  caused by solar wind, it is  a lso of interest  
to study the other bodies in the solar system (for example, 
Mercury) which just like the Moon are not protected by atmom 
sphere. 

The fluctuatations in the brightness of different sections 
of the Mercury surface were detected in 1935 by Antoniadi who 
considered the darkness visible on the surface of the planet as 
a result of variations in  the cloudy cover. 
numerous observations with the heLp of 33" Medon reflector, 
Antoniadi arrived at the conclusion that the density and extent 
of clouds change with a change in the distance of the Mercury 
from the Sun. 
at the perigee and minimum at apogee. 

On the basis of 

The changes probably attain the maximum vaiue 
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The 55 t 5 terrestr ia l  day period of rotation of the 
Mercury, obtained by Pettengil and Dyce [160] gives rise to  
certain doubts about the long-duration changes described by 
Antoniadi since his conclusions were based on the assumption 
of 88-day period. 
to  the fact that the changes on the Mercury take place during tens  
of hours and that it cannot be explained only on the basis of a 
shorter period of rotation. Other observers also mention short-  
duration changes in the brightness on the Mercury surface. 

Even in 1935, Antoniadi [159] drew attention 

During the years  1958-64, Cruickshank [161] made a large 
number of observations on the Mercury with the help of telescopes 
of aperture of 82 inches. Visual observations of the Mercury 
are difficult due to its proximity to  the Sun. 
results obtained by Cruiekshank, in general, confirm that the 
changes in the brightness of certain sections of the Mercury 
surface can actually take place during a few hours o r  days. 

Nevertheless, the 

The great similarity between the Moon and the Mercury 
which was mentioned by many research workers and the possible 
luminescence phenomena on the Moon makes it possible to 
interpret the changes on the Mercury as the luminescence effects 
of the materials on its surface. 

Good [162] paid much attention to the fact that the flux of 
solar protons near the Earth's orbit depends on the position of the 
Mercury. 
protons were observed more often when the Mercury existed in- 
between the Sun and the Earth and was projected on the Sun within 
the bands with heliocoordinates of 20°N-20 S where the flares 
are more often accompa 
fast protons. 
at equator: Hyv~ s 3 ~ 1 Q - ~  gauss which is much less than the 
Earth% field HENO. 5 gauss. 
field of the Mercury can bend the trajectory of solar protons 
and thus, can increase the number of particles reaching the Earth. 

Cases of a r r iva l  of protons to the Earth from solar 

0 

by the ejection of a large amount of 
Good estimated the magnetic field of the Mercury 

As assumed in [162], the magnetic 

12.3. Possible mechanisms of lunar lumine scence . 
Possible mechanisms of the lunar luminescence, in terms of the 
known sources of excitation and with consideration of energy 
requirements, are studied in  detail in the work of Ney et al. 
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[163]. i n  particular, it is pointed out that such sources as hard 
ultraviolet, soft ultraviolet scattered by the Earth, solar wind, 
tail  of the Earth's magnetosphere and solar cosmic rays should 
give rise to illumination of the same order. 
rays play a smaller role in luminescence. 

Galactic cosmic 

Regarding observations of Kopal and Rackham 11581, 
the authors 11631 mention that the interference filters used 
in [158] a re  characterized by nonuniformity of transmission of 
image from the center to the edges. 
observations 11581 since the luminescent regions detected by 
Kopal and Rackham a r e  on the corner of the photographs. It is 
not clear from the data published by them i f  the possible sources 
of systematic e r r o r s  have been eliminated and therefore, in the 
opinion of the authors [163], the results [158] a re  not very 
convincing. 
most significant luminescence should be expected on the dark side 
of the Moon and during ful l  lunar eclipses. If the luminescence is 
visible on the illuminated side of the Moon, ultraviolet radiation of 
the Sun must be the only external source. 
accumulation of solar energy function on the Moon, there is a 
possibility of thermal luminescence and only spectroscopic 
observations can provide the proof bf the reality of lunar 
luminescence. 

This fact is significant for 

Ney e t  al. [163] arr ive at the conclusion that the 

If the mechanisms of 

226 



PROPAG. OF S LAR COSMIC RAYS IN THE 
XNTERPLENETARY SPACE 

The propagatio of solar cosmic rays in the interplanetary 
space is analyzed in this Chapter. 
the interplanetary magnetic Geld which appare 
two components-- quasiregular and irregular.  
importance of each of these is determined by the energy of 
particles. Irregularities of the interplanetary field mainly 
affect the movement of medium and high-energy particles. 
effect leads to  scattering which can approximately be described 
by different diffusion mode Is e 

field apparently plays the leading role in the region of low 
energies- 
explained by the model of the  guiding center, 
irregubarities becomes significant, it becomes necessary to 

distribution of a large number of particles in space can more 
a c ~ u r a ~ ~ l y  be described on the basis of the kiaetic equation. 

This process is governed by 

This 

Quasire gular component of the 

Motion of a particle along the line of force should be 
If scattering by 

esor t  to  more complicated mathematical means. The 

dern concepts on mag t ic  fie ids in the interplanetary 
space and motion of charged partic Les are de scribed be low 
and diffusion and kinetic propagation models a r e  considered in 
detail, Effect of the properties of the source (generation 
spectrum, duration of e mission, heliocoordinate s of the flare 1 
and dynamics of i ~ t ~ ~ p l ~ ~ ~ ~ a r y  medium (movement of magnetic 
~ ~ r e g u ~ a ~ i ~ i ~ ~  from the Sun) on space - -  time distribution 
of sobar particles is evaulated. 

13,  s IN T 

13.1 Possible role of interstellar field. Attention 6f 
research workers to this question wa drawn for the first time 
in connection with the February 23, 1954 flare. Ehmert [1 
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assumed that the particles emitted, by the Sun, propagate in the 
intenstellar magnetic field in a specific direction. 
trajectory of particles was calculated on the assumption that 
this field is homogeneous and directed at an angle 
Earth-Sun line and that the particles are emitted from the Sun 
isotropically, 
are more isotropic, cover lesser  path and reach the Earth 
quicker than the particles emitted at a large angle. 

The 

Particles emitted at a small angle to  the field 

Ehmert finds that, in order to explain the observational 
results, intensity of the interstellar field, homogeneous in the 
region of the solar system, should be of the order of 7x10m7 
gauss and the angle 8 % 30°, while the lines of field should reach 
the Earth from a point with coordinates a = 12 hrs  00 min  and 

It coincides with the direction of galactic spiral  
sleeve containing the solar system. 
amounting to 7 ~ 1 0 - ~  gauss is in agreement with the estimate 
of Fewmi and Chandershekar, obtained from the data on 
polarization of light from stars. 

6 “y 3OoN. 
Intensity of the field 

However, this picture encounters serious difficulties. 
In particular, even the author himself mentions that the 
measured values of the f l u  of solar particles in  the stratosphere 
which show that the particles with & = 1-15 Gev reached the 
Earth immediately after the noon and evening of February 23, 
1956, contradict his concept, according to which particles 
with E <  7.5 Gev should not reach the Earth. In the opinion of 
the author, the above abservation leads to either q.: Oo (although, 
in this case, there arise some other difficulties) o r  the particles 
of such low energies are generated i n  the Earth8s surroundings. 

There a re  a number of other difficulties mentioned by 
Alfven, Gold e t  al.. regarding the,work under reference: 

1. If the solar flare appears at that time when the 
interstellar field is perpendicular to  the Sun-Earth line 
(for example, as during July 25, 1946 flare), effect af the flare 
should not be observed on the Earth. 

2. Ejecting action of solar corpuscular beams and 
solar wind on the interstellar field must be taken into account. 
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3, In the presence of the interstellar field, the 
particles, during the decrease of the flux according to the law 
t-2, should have propagated from a plane and riot isotropically 
as was observed. 

A similar model is considered in the work of Cocconi et 
al. [Z]. The space between the Sun and the Earth is supposed 
to be filled by uniform magnetic field parallel to the Earth-Sun 
line. The source of cosmic r a y s  here is not the Sun, but a plane 
prpendicular to the magnetic field and situated at the same 
distance a s  the Sun. Relativistic particles will move along 
spirals and the time of their propagation to the Earth t % 8 min/ 

of the particle and magnetic field. The time t increases with an 
increase in @and it can explain the delay of particles recorded on 
the Earth outside the shock zones. The authors [Z] consider 
that extension of the Sun's general magnetic field, frozen in  
the corpuscular beams, can give rise .to the interplanetary 
field which is close in its properties to the one considered in  
this model. 

is the angle between the direction of motion 

__ 

Possibly, the question 6f the effect of the intqrstellar 
field on the dynamical processes in the interplanetary medium 
and on the motion of particles in the solar system has to be 
reconsidered ia the light of new observational data. In this 
connection, attention is drawn by the conclusion of I. I. 
Pronik's [3] work that the interstellar magnetic field near the 
solar system is not the homogenwus field of the galactic sleeve 
as was considered earlier but has a much complicated structure. 

Interstellar magnetic field in the Suds surroundings is 
The field is stretched along the line of extremely irregular. 

sight above the plane of the Galaxy i n  a directicn with galactic 
longitude 
tion with galactic longitude &0-150. Lower and upper fields a r e  
inclined at 60" to each other. The field is not directed along 
the line of sight below the plane of the Galaxy in the direction 
k"675O coinciding with one of the directions of the Orionov 
spiral branch. 
polarization of the s tar  light as w(el1 as from the observations 
on the movements of the clouds of the interstellar calcium. * 

@* N 75O and below the plane of the Galaxy in a direc- 

This result  is obtained from the data on 

229 



L.I. DORMAN AND L.I. MIRUSHNICHENKO 

Two systems of magnetic field a r e  observed in the 
Sun's surroundings. 
The pole related to the system of one field is situated in the 
external region of the Galaxv and the pole of the second field, 
in the internal region of the Galaxy, i .  e. , both the fields a r e  
not parallel to the plane of the Galaxy. 
of the fields on different galactic longitudes changes from 
20 to 40-60° with respect to the plane of the Galaxy. 

Both the fields a re  far from being plane. 

Angle of inclination 

13.2 Movement of solar particles in the quasiradial 
magnetic field. 
their propagation f rom the Sun to the Earth is mainly controlled 
by the interplanetary magneticfield. 

F o r  a given spectrum of solar particles, 

The study of large outbursts of solar cosmic rays led 
to the concept of the existence of irregularities in the inter- 
planetary field at which the particles get scattered. 
investigations on flares and direct measurements wi 
rockets and sat  
quasiradial fie1 
The general ch 
conveniently studied by monitoring solar particles since it has 
a significant effect on the delay, direction of arrival and degree 
of anisotropy of particles . 

es showed that there is also a weak regular 
the space between the Sun and the Earth. 
eristics of the interplanetary field can be 

Anisotropy of solar particles from ground data, 
Interesting results ora. anisotropy were obtained by McCracken 
[4] who studied propagation sf protons f om solar flares in 
November 1960, According to [4], solar protons moved along 
twisted lines of force from a direction in space, about 50° 
towards west of the Earth-Sun line. 
model [I., 611 for quiet interplanetary field which a r i ses  as a 
result o f  pulling of the SunDs total field by quiet solar wind 
at  an average velocity of 3 d 0 7  cmlsec,  However the direction 
of motionof protons was spread over an angle of about 40° 
which indicates multiple scattering during their propagation from 
the Sun to the Earth along the lines of force. 
reveals the existence of irregularities in the regular quasiradial 
field (. 

It corresponds to .Parker8s 

This scattering 

Similar results T'P: obtahed by McCracken [4] for 
May 4, 1960 flare. Eight flares recorded by ground detectors 
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and about 30 events detected from the data on absorption of 
short radio waves were studied in this work. The times of 
arrival to  the Earth, of solar particles with gk= 10-100 Mev 
during large chromospheric flares a r e  investigated. 

In the work of G. F. Kryms kii and A. I. Kuz'min 
[5]. 
absorption of radio waves in the polar caps. 
of these events with heliolatitude distribution of 29 flares 
showed that particles from flares in the northern hemisphere 
of the Sun have much lesser  delay (6.6 hours) than those from 
flares in the southern hemisphere (14.9 hours). 
asymmetry is also observed from the data on solar particle flux 
at the Earth's surface. 
difference in diffusion of particles, it is necessary to assume 
that the lines of force of the quasiradial magnetic field connect 
the Earth to the north-western part of the solar disk instead of 
the western part. 

The events selected for  analysis were obtained from 
The comparisons 

Such an 

If the asymmetry is caused by a 

Analysis of July 18, 1961 flare, done by A. I. Kuz'min 
e t  al. [6] on the basis of the ground data, showed that solar 
particles came from directions making an angle of 50-60° 
with the west oethe Sun-Earth line. The July 20 outburst, 
caused by the flare on the western limb of the Sun, was 
characterized by significant anisotropy observed as clearly- 
marked shock zones on the Earth's surface. 

Deviation of the beam of solar particles towards the west 
of the Earth-Sun line was also observed on the Earth's surface 
for  many other flares of cosmic rays. It is important to mention 
that in this case, there is gradual "erosion" of the beam with the 
passage of t ime till it becomes isotropic. 

Investigations conducted during the past years showed 
that displacement of shock zones mentioned in Section 3.7 is, 
f i rs t  of all, related to curvature of the interplanetary field due 
toethe rotation of the Sun. Analysis of cosmic ray flares in the 
stratosphere and investigations on polar cap absorption of short 
radio waves also lead to the same result. 

Direct measurements of interplanetary field. The 
measurements on interplanetary magnetic field were,  for the 
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f i r s t  time, made in 1960 by Kopal e t  al. [7] with the help of the 
satellite "Pioneer-5" (also see the work of Greenstadt [8] 1. 
By the same satellite, Arnoldy et al. [9] recorded the Apr i l  1, 
1960.flare of cosmic rays whose analysis showed the presence 
of irregularities in the field. Data on interplanetary magnetic 
field a t  distances up to 1 . 9 ~ 1 0  
by Sh. Sh. Dolginov et al. [lo] while making measurements with 
the automatic interplanetary probe "Venera-lg* launched in 
February 1961. 

km from the Earth were obtained 

Presence of quasiradial interplanetaryfield, coiled into 
Archimedean spiral, was, for the f i r s t  time, confirmed by the 
direct measurements of Heppner et al. [ll] made in March 1961 
with the satellite 'Explorer-1 0" having an intensly elongated 
orbit. 

In 1962, Snyder and Neugebaner [IN. 1181 made detailed 
measurements on cosmic rays and interplanetary magnetic 
fields with the help of satellite "Mariner-2". 
[ll ; 111.1181 confirmed the assumption of the presence of 
irregularities i n  the interplanetary field. 
data of Heppner et al. [ll] that irregularities of the field have 
characteristic dimensions of 3x10 cm and a t  H = 2x1 0'4 gauss, 
should significantly scatter particles of rigidity 10 Gv. 
not contradict the estimates made from the data on solar cosmic 
rays. 
have forceless structure. 

Measurements 

It follows from the 

This does 

According to E. I. Mogilevskii [12] these irregularities can 

According to the same data, [ll] regular component of the 
interplanetary field, very stable during quiet periods, has an 
intensity of H % 3 ~ 1 0 " ~  gauss and is directed almost radially 
from the Sun with a devktion of 30-40° caused by rotation of the 
Sun. 

Data on magnetic measurements, taken by Ness et al. 
[13] with the help of satellite "IMP-1 
apparently indicate the fibrous structure of the interplanetary 
field. 
structure of the interplanetary magnetic field. Most of these 
proofs were obtained from the analysis of different types of 
variations in galactic cosmic rays[I. 21. 

in the end of 1963, 

There a re  also other proofs in favor of the complicated 
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Davis e t  a1 [14] give results of the magnetometric data 
obtained by "Mariner-4" for the space between the orbits of the 
Ear th  and the Mars during the period November 29, 1964 -- 
November 30, 1965. Measurements confirmed the presence of 
the expected spiral structure of the magnetic field, which gives 
rise to the observed nonsinusoidal fluctuations. 
these fluctuations were reduced to zero. 
did not confirm the presence of a component of the average field 
directed towards the South. 
during about two weeks shows that the amplitude of magnetic 
fluctuations, i n  the frequency range f = 10-4-3x10'3 Hz and i n  
the coordinate s stem related to solar wind, is of the order of 
10-3- 2a'* f -5y3 gamma2/hertz. Data [14] help i n  getting 
spectra for  other periods and frequencies right up to 0.5 Hz which 
corresponds to noise threshold of the apparatus*. 

On averaging 
Analysis of the data 

Spectral analysis! of data obtained 

In the end of 1964, 4-sector field was observed with the 
help of ?'Mariner -4" which was similar to the field detected by 
Wilcox and Ness [III. 1371 from the data of tqMP-1*8 for the 
period December 1963-February 1964. This structure of the . 
field differs very much from the 2-sector structure observed on 
%riner-2*a in 1962. According to the data of D'Mariner -quo i . 
sectars  became less defined in the beginning of 1961 tk6n in the 
end of 1964. 

Meas urement of anisotropy i n  the interplanetary space. 
Eertley et al. [LII. 1331 took detailed - -- measure-ments_-on 
low-energy solar particles with the help of space satellite 
**Pioneer -6". The cosmic-ray detector, installed on *@Pioneer - 
688, facilitated recording of particles from four directions of the 
ecliptic plane and protons 
of 7.5-45 MeV, 45-90 MeV and 150-350 Mev while the nuclei with 
2 >, 2 were measured only in 150-350 Mev range. The detectofi 

were measured in the energy ranges 

- -  
* 

Data, ob tawd 'Mariner-4 the intensity of cosmic rays (measure- 
ments by shield& cen ter s  sensitive to electrons with bk + 1 MeV and 
protons with &k 9 10 q w e  used by. McCoy and Anderson D291 for, 
studying variations having perkds  of 2-200 minutes. The obtained power 
spec@-um of variations can be interpreted as an indication of the presence 
of local structure of the f iZM anfiyZromagnetic waves inthe i$€erp.?une&-y 
medium. The observed modulation (25% of the average intensity) is caused 
by structurd elements having characteristic dimensions of 5x109-5x1011 
em. . .  
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which recorded protons with g* ~ 7 . 5 - 4 5  MeV, could also record 
electrons with € 4  =7.5 -1 3 MeV. Instrument e r r o r s  in t h e  deter - 
mination of fluxes wey-e of the  order of lom5 and thus, the &tee- 
tor could record very weak anisotropy starting from 
amplitude, direction and spectrhm of anisotropy of low-energy 
solar cosmic rays were studied and chziracteristics of small-  
scale irregularities of interplanetary field were also evaluated. 

The 

The analysis of a large number of cosmic-ray flares, 
recorded by the space probe "Pioneer-6", indicates the presence 
of very strong -anisotropy observed for particles 
age energy of about 13 MeV. 
goes significant and sudden changes while the maximum solar 
f l u x  was often found to be from the antisolar direction. It was 
found that the direction of anisotropy is well related to the 
changes in t h e  interplanetary field. A model of interplanetary 
field is being developed according to which particles of low- 
energy solar cosmic rays move along well-defined and curved 
fibers of the magnetic field, submerged ' n  the solar wind. 
curved fibers have diameters up to 3x10 km. 
field i n  the fibers is sufficiently regular to the extent to which it 
can be judged from the data on  anisotropy of 13 Mev protons. 
Proofs of continuous injection of solar particles for  &&ut 48 
hours were obtained from the same data. 

with an  aver-  
Direction of the  anisotropy under - 

The d It is shown that 

Most characteristic features of the three outbursts of 
cosmic rays, which were observed during the first 30 days, 
starting from December 16, 1965, after the launching of gapion- 
eer-6*', are described below. 

Data from O*Pi0neer-6'~ averaged for every 7.5 minutes 
and 2-hours data of neutron monitor a t  Churchill during the 
period December 26, 1965-January 5, 1965 are shown in Fig. 
13.1. Two outbursts on December 27 and 29, 1965 are clearly 
seen which resemble the uclassical" flares of cosmic-rays with 
quick increase and slow decrease in the intensity. Class 2 flare 
with coordinates 10'74, 59' W was observed at  11 24 UT before 

ecember 29, 1965 outburst. The outburst which started on 
Dec-ernbd30, 1965 had a more_ complicated nature and it was 
Preceded by class  1' f lare  a t  0066 UT with coordinates O9"N,, 
71 OW. 
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q- 4u 

Fig. 1 3 . 1 .  Data of "Pioneer-6" atid neutroil n ~ o d o r  ChUYchill for f 
period December 26, 1965 - Jnlz~ary  5, 1966. 

Data f r o m  neu t ron  mon i to r  a t  Churchi l l  show that 
plane tary  space  was quiet  dur ing  December 27-31, 1965, 
variations w e r e  s m a l l  a n d  ave rage  daily va lues  of ~ounting ra 
were  la rge ,  
on December 31, 1965 which sugges ts  a change in the condltioms 
of the in t e rp l ane ta ry  space. 
commencemen t  w e r e  not obse rved  during th i s  pexiod althou 
during December 27 -3 I ,  1965, r e c u r r e n t  M-region was observe< 
on the Sun. 

An exceptionaLLy Large da i ly  variation was observed 

Geomagnetic s t o r m s  with su 
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Counting rates of detectors, in specific directions and the 
azimuthal angle @ A  of the anisotropy of cosmic rays for the 
initial phase of December 27 and 30, 1965 flares,  a r e  shorn in 
Fig.  13.2 (data a r e  averaged for periods of 7,5 minutes). 

or "Pioneer-6" &Sun l ine )  f rom which the detector records the 
maximum f l u x  of cosmic rays in the given range of energies. 
Simplified model of the interplanetary magnetic field is shown 
in Fig. 13.3 in the form of the fibrous structure. Every fiber 
of diameter 3x106 km apparently represents a pencil of the 
tubes of force. 
tion along the fibers. 

Angle 
@ A  corresponds to the direction (relative to the Earth-Sun lime 

Low-energy particles must move in th i s  direc-  

Direction of rotation 

Fig. 13.3.  Simplified model of fibrous structure of the interplanetary 
netic field. 

Since coordinates of the source and time of emission of 
solar particles a r e  known only approximately, i t  is very necess- 
a r y  to know the correct characteristics of their motion. 

It was earlier shown that dah on cosmic rays (McCrac 
[4 ] )  and magnetic data (Ness e t  al. [13]) are ,  in general, in agre- 
ement with Parkergs model [15] for the interplanetary magnetic 
field in the form of Archimedean spiral. 
characteristic dimensions of irregularities in the interplanetar 
field a re  larger than the cyclotron radius of a particle, the 
adiabatic invariance sin2@/jj must  be satisfied where 8 is 
the pitch angle of the moving particle. 

In particular, if the 

I n  this case, a s  mentioned by McCracken [4], there must be 
As a matter of fact, if it is assumed collimation of particles. 
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that the decrease in radial field with disbnce is proportional to 
r - 2 ,  t he  f i r s t  adiabatic invariant leads to the relation rZsin2g 
=const, i.e., particles at  large distances must move strictly 
along the lines dfforce. For example, if the pitch angle of a 
particle 8 =90° near the source (Sun), i t  will move a t  the Earth's 
orbit a t  an angle 
particles near the sun reaches the Earth in the form of a well- 
collimated pencil, parallel to the lines of force a t  the Earthas 
orbit (Fig. 13.4). 
the Sun to the darth, of relativistic particles with pitch angles 

fo. It means that the isotropic beam of 

It can be shown that the times of flight, from 

8 =Oo and 9 =90° differ by about 2 minutes. 

Fig. 1 3 . 4 .  Collimation of particles in the interplanetary space during their 
propagation froin the Sun to the Earth. 

If the lines of force of the field at the time of the flare con- 

Bbviou- 
nect the Earth and the active region responsible for the flare, 
there should be well-defined impact zones on the Earth. 
sly, every quasiradial field will  have low pitch angles a t  the 
Earthas orbit while the actual change of field with distance will 
be insignificant. It should,however, be underlined that the resul-  
tant angular distributions of particles near the Earth will be de- 
fined by two competing processes: collimation of particles with 
respect to lines of force of the regular quasiradial field and their 
scatteling a t  magnetic irregularities depending on the  energy of 
particles, and distribution of irregularities according to'their 
dimensions, intensity of field in  them and the distance between 
them. 
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The value of Hfo r  particles, rotating about the lines of 
4 force of the magnetic field, decreases by about IO 

t he i r  movement from the Sun to the Earth. Therefore, pitch 
angle of a particle near the Earth's orbit will  small( 
the beam of .  solar cosmic rays will be extremely anisotropic 
while the vector of the beam of particles from the Sun will be 
parallel to the lines of force of the magnetic field. 

times durinpl 

17  and 

Irregularities in the interplanetary magnetic field with 
characteristic dimension comparable to the cyclotron. radius of 
particles lead to scattering of cosmic rays and the  disappearanc.e 
of the anisotropy. 

It was shown by Bartley e t  al. [III. I331 that the beam of 
particles, generated by the Sun and arriving-at the Earth during 
December 29, 1965 and January 1 ,  1966, was  extremely aniso- 
tropic. Direction of the maximum flux, which changed notice - 
ably with time, w a s  also determined for a l l  intervals of time. 
In particular, during a certain period, maximum flux of parti- 
cles was directed 90"-15O0~t-6 the  east of the Earth-Sun line. 
Such-a direction cannot be explained on the basis of the simple 
theory of Archimedean spiral of the field. 

McCracken and Ness [IIL 1341 studfed the data correspond- 
ing to the period 1600-2400 U T  December 29, 1965 when the 
satellite *aPioneer-6*0 was situated a t  a distance of 2.8~106 km 
from the Earth a t  an angle of 90" to the Earth-Sun line 2nd to- 
wards east  of the  Sun. 
recorded whenathe angle of anisotropy became more ttqan 90" to 
the west of the Earth-Sun line. 
time from magnetic field a re  described in the work of Ness e t  
al. [16]. A sudden change in the direction of the interplanetary 
magnetic field was detected from these data. Results on mag- 
netic field and cosmic rays, obtained i n  (III 134) and 1161 lead to 
the conclusion that the interplanetary field has a fibrous struc- 
tur e. 

During this period, three events were 

Results obtained at the same 

Relation between the direction of anisotropy of cosmic 
r a y s  and azimuth of the vector of lines of force of the- magnetic 
field is shown i n  Fig. 13.5. 
the average of observational data for every 7.5 minutes. High 

Each point is obtained by taking 
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degree of correlation (0.877) is seen from which it follows t h a t  
the direction of anisotropy of cosmic rays actually agrees well 
with the direction of the magnetic field (average regression co-  
efficient is equal to 0. 890). 

1 
I 

w w w fW 15r w ZID' 
Dtrection of the magnetic field 

F&. 63.5. Cowelifion between the direction of anisotmpy 0.f cosmic rays C L F V ~  
(he directiott of lines of force of the interplanelaty j i P l d f r o n ~  llte 
data of' 'Tioneer-6 If! 
1 - correlation coefficient (0.377): 2 - regression coeaicient 
(0, 890) . 

Averaged data for every 7.5. minutes, showing the direc- 
tion of anisotropy and magnetic field in the form of a vector dia- 
gram projected on the ecliptic plane a r e  given in Fig. 13. 6. 
The amplitude of anisotropy, calculated from its ratio to the 
average intensity of cosmic rays i n  the solar system, is chaTac- 
terized by the length of the arrow. It is seen that fluctuations 
of amplitude were observed sometimes but the anisotropy was 
always well-defined and i t  was always related to the field. 

The period between 1750 and 1825 UT is of special 
interest when the field and vector of anisotropy were directed 
at a n  angle > 90° relative to the "Pioneer-6" -Sun line. 
case, the vector of anisotropy shows the direction along which 
motion should be towards the Sun in order to reach the region 
of the flare generating cosmic rays. It follows from this that 
there can be Loops and bends, in addition to the fibrous s t ruc-  
ture of the fikld consisting of tubes of lines of force; in the form 
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Fig. 13.6.  Magxetic field and azimuth flux of cosmic rays fyoi iz  the d d n  of 

of Archimedean spirals. 
It is explained by the radial divergence of the lines of h r c e  in 
the interplanetary space. 

"Pioneey-6 rrfoy the period 1600-2000 UT December 30, 1965. 

It is schematically shown in Fig. 13.7. 

Beam of plasma 

Fibrous atruct 

Fig. 1 3 .  7 .  Scheinuiic representation of the fibrous stndcture of interplanetary ' 
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Measurements by Strong et al. [I301 wi th  the  satellites 
of the type ggVelag' showed that parameters of t h e  solar wind 
(velocity of plasma, direction of the beam, temperature, con- 
centration, content of d -particles) change slowly within the  
f ibers  and relatively quickly at the boundary of the fibers. 
Width of the fibers is apparently of the order of a few million 
kilom e ter s . 

Measurements on t h e  magnetic-field vector  in the interplan- 
etary space between the  Earth and the Mars, taken by Siscoe et 
a le  [131] with aPMariner-4sa, showed the presence of quick changes 
in the field and particularly, in its direction. Statistical analysis 
showed that duration of change in the field by a value ;T/ 4% is 
apparently very small. During quiet periods, out of all t h e  i r r e  - 
gularities with duration 5 Smin, about 50% had a duration <14 
sec and 10%- 42 sec. During disturbances, th i s  tendency is s t i l l  
more pronounced. 
ently changes in one plane and its intensity practically does not 
change. 
whole of the structure in general rotates along with the Sun. 

Direction of field in the irregularities appar - 

Thba, owing to rotation of the Sun, lines of force and 

On t h e  basis of Fig.  13.5, it can be said t h a t  sca.ttering of 
cosmic rays in tubes wi th  local bends did not a t  a l l  differ fkom 
scattering in tubes with field in the form of the classical  Archim - 
edean spiral. 

Results [III. 1341 on cosmic rays and magnetic field a r e  
shown in Fig. 13.8 in a magnified scale €or the period 1740-1 840 
UT December 30, 1965. It is seen t h a t  azimuthal direction of the 
magnetic field and the direction of anisotropy changed suddenly 
a t  1809 UT, From the model of fibrous structure of t h e  interpla- 
netary field, it follows t h a t  these changes correspond to t ransi-  
tion from one. fiber to another. The time during which the aniso- 
tropy changed (1 81 1 -1 817 UT) corresponds to the spatial s h i f t  by 
about one cyclotron radius for a proton with E = 13 MeV, Such 
a sudden change of anisotropy is possible only i n  a n  absolutely 
regular field. This fact a s  well as  invariance of anisotropy be- 
fore 181 l UT and after 1818 U T  shows tha t  in this case,  cosmic 
rays moved from the Sun through a well-regulated field. 

k 
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C 
d 

E 
u! 3610 
< 

Thus, dovelapmeat of tbe investigations on cosmic space 
eignificaatly essptains and cqwects the  concepts on t h e  interplane - 
tary msgnetie field andt in the  long run, leads to the concept of 
mna@@tha $rap Qf the Emlar Bystem ip which propagation of solar 
c@$rak rayn i a  dladiaed by the regular field as well a s  by i r regu-  
laritiets of the field (anisotropy of diffusion)., 
lative role of regular and irregular parts of the field depends on 
fbe energy of particles, 
tions, discovary of the complicated structure of the ipterplanetary 

In t h i s  case, r e  - 

As will be seen i n  the subseqgent Sec- 
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field does not a t  all  reduce the importance of investigations on 
diffusion model. On t h e  other hand, a study of the differences 
between t h i s  model and the experimental data gives valuable in- 
formation on magnetic fields as well as on the processes of gen- 
eration and exit of particles from the accelerating region. 

13. 3. Motion of solar particles i n  irregular magnetic fields . 
Let us f i rs t  of all consider the simplest case - -  diffusion of 
particles at magnetic irregularities. If dimens ions of irregu- 
larities a r e  denoted by and distance between them by d, the 
following two cases ,  a s  applicable to investigations on cosmic 
space, can be of interest: e L < d  and 2 - d. 
successively. 

L e t  us study them 

1) d! 64 d. As density of magnetic irregularities in  this 
case is - d3 and the effective cross  section'of collision of a 
particle with irregularities cv g2, the mean free path L for colli- 
sion will be d3 Let Hs be the average intensity of magnetic 
field in between them. Particles with charge Ze, momentum p 
and radius of curvature .? = cp/ZeWs< will experience effec- 
tive scattering. Their motion will  be cribed by the diffusion 
equatioti with diffusion co /3 where v is the 
velocity .of particles and e mean free path for  
diffus io nr in this case, equal ree  path L before 
collis ion with irregularities. particle during 
every collision with irregula e f rom the initial 
direction of motion by a sma f on the average. 
I n  this case, i n  order tha accumdate to an 
angle Y 1, 3 collisions a r e  nec he deviation will  
be determined by the r 
scattering. F rom this, e,  for  a significant 
change i n  the direction i n t h e  case of such 
multiple s catt e r  ing, th 
transport mean f ree  p 

" 2 e  

applicable to multiple 

I n  the general case,  with a n  accuracy of about 1 for  the co- 
efficient, it can be written 

(13.1) 
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It. follows from (13. 1)  tha t  f o r  all par t ic les  with c p / Z e s  Hs 
the value of A does  not epend o n  the momentum of par t ic les ,  
whereas  at cp/Ze 7 Hs 

2) e ,-., d. 
way as above, we ge t  

In  this  c a s e r  L - 4. On reasoning  i n a  similar 

(13.2) 

which conicides with (13.1)  at d - 1  . 
L e t  us now consider  a m o r e  genera l  case when t h e r e  is a 

I n  th i s  c a s e ,  
group of i r r egu la r i t i e s  of magnet ic  f ie ld  with d imens  ions f r o m  

2 and having dis t r ibut ion of dens i t  
an free path before  col l is ion will be f ” l (  Let t h e  inten- 

Then, m e a n  free path f o r  diffusion at i r r egu la r i t i e s  
s i ty  of f ie ld  at the i r r egu la r i t i e s  be the  same o n  the  a v e r a g e  and 
equal to H,. 
of dimension will  be 

The effective w e a n  f r e e  path f o r  diffusion at all the  irrcgulazrities 
will  be determined by  the re la t ion  

f¶ 

1 -  1 -- 
heffl ~ , - - I I  

h 
where  A ( e )  corresponds  to equation (13. 3). 

L e t  us  consider  the  spec ia l  c a s e  when t h e  i r r egu la r i t i e s  
a re  s i tuated at l a r g e  d is tance  d 
does not depend o n  4 . I n  this  
to (13.3) and (13. 41, w e  g e t  

e a c h  o ther  and the i r  dens i ty  
f ( & )  cy d’3 and  accord ing  

(13.5) 
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F r o m  Fig.  13 .9 ,  a, w h e r e  dependence of Aeff o n  is 
shown. it is obvious that, if e l d C & ~  for 3 < 
but at the  value of Aeff i n c r e a s e s  rap id ly  i n  proport ion 
of 5 2  (curve 1). u 
(13.1) and 
(curve 4) but at $‘-I?z8 it rap id ly  i n c r e a s e s  j u s t  l i ke  

Aef fw  3d3/d2 

“ t Z 8  the  re la t ion  (13.5) changes into 
Aeff is found to be considerably less (about half) 

.f 2 s  
h cif 
E l  
-- 

hei f  
3.- 
343 
- 

M 

8 

6 

4 

2 

0 4 5 1  @ Z Z r  
, b p/‘Z 

Fig. 1.7.3. Depcndence of transport niem free paih on morrcentzm of the 
pnrlicles for two cases: a) iwegularities of the field are situated 
at large distances from each other and their density does not 
depend on dimensions: b) distribulian of irregularities is given by 
the relation (1 3.6). 
1 - f o r  11/12 = a; 2 - 11/12 = 0.2; 3 - 11/12 = 0.5; 4 - 11/12 = 1. 

Let us now consider  another  case which co r re sponds  to the 
well-developed turbulent  medium with minimum dimens ions  of 
i r r egu la r i t i e s  e1 and  maximum e 2 .  Xn,this case, 

Putting (13.6) and  (1 3. 3) i n  (1  3.4), we g e t  
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It is seen from (13.7) (Fig. 13.9, b) that irregularities for 
which e -  f are the most effective elements for scattering of 
particles. 
following simple arguments, 

This important result  can also be obtained from the 

Let us consider motion of particles whose radius of curva- 
ture in the field . Scattering at irr 

%- e will be defi 
time, scattering 
determined by 
f r ee  path 83" both the latter 
casesI scattering is considerably l e s s  effective and it can be 
neglected as compared to scattering at irregularities with -$  ~ 

If there is a group of irpegularities with dimensions in the range 
&1 .. 8, the diffusion mean free path, according to these 
simple arguments, will be 

he mean f r e e  path 

i. e. the mean 

if 

(13.8) if I C -  c p  < I  
1- ZeH,- 2' 

L e t  us now consider propagation of cosmic rays  as  a result  
of dr i f t  in irregular magnetic fields. 

The center of curvature will drift wi tha  rate 

In this case, trajectory of 
the particle will be a trochoid with radius of curvature 9 5 cp+lZPH. 

(13.9) 
If irregular seFtkns  of the field completely fir1 the space and if 
each of them has dimensions Q with specific distribution f(e ), 
propagation of particles will b v e  diffusion nature with mean free 
path Aeff determined by relations ( € 3 - 7 )  and (13.8). The drift. 
velocity %+ at irregular 5eetions of the field a d  not thevelocity 
v of particles will be a part of the diffusion coefficient. There- 
fore, diffusion coefficient; will have the fo rm 

. (13.10) 
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i. e.,  this type of diffusion c a n  be considered as propagation of 
particles with a velocity v but with mean f ree  path 

(13.1 1) 
It is natural that only particles with SCC e will propagate i n  

this way and therefore, every collision with a n  irregularity will 
be effective. If the irregularities do not fill the cosmic space 
but are situated at a distance d from each other, the particles 
will pass through irregularities during time t i  = e/udr and 
the space between the irregularities, during time 
therefore, average effective ra te  of motion of particles will be 

t2 = d/v 

and the diffusion coefficient 

(13.12) 

where 
ueff f rom equation (13.12). 

Aeff is determined f rom equations (13.4) and (13.5) and 

The situation, when there is a weak regular field of inten- 
sity Ho in the space between irregularities, is a lso of great  inter-  
est. In this  case,  motion of particles will represent anisotropic 
diffusion and the diffusion coefficient X., along the field will be, 
to a first approximation, same as in the absence of the field 
(''%I,=%) and transverse to the field will be determined by the  
r e  lat ion 

where Larmorov frequency is given by 

ZeH,v 
%= cp 

(13.14) 

(13.15) 
and the time between effective collisions of particles with irregu- 
larities of the field (when there is a significant change in the d i r -  
ection of motion) by 

. (13.16) 
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I n  the last expression, Aeff andWeff are determinedfrom 
equations (13.4) and (13. 12) respectively. I f ~ ~ $ ~ L l  there-will h e  
usual isotropic diffusion. If a t Z a a l  it is necessary to con- 
sider anisotropy in propagation of particles. Of course, there  
can also be other, more complicated combinations of magnetic 
fields in the cosmic space. 
cases considered above. 

They can be investigated just  like the 

It is of interest to study scattering properties of magnetic 
fields having simples configurations Hs = const and Hs - C'' 
as applicable to diffusion process of t h e  propagation of charged 
particles. For these scatterings, L.I. Dorman and Yu. G. Nosov  
1171 worked out the methods often used in t h e  theory of atomic C B -  

llisons: determination of differential effective c ross section. 

Let us aonsider two-dimensional case: charged particles 
move in a plane and vector Hs is perpendicular to t h i s  plane. 

1) Let r be the radius of the circle in  which Hs = const and 
S? = mvc/ZeHs. Then, the diffusion coefficient will be % =  1 /2Az  

. (there is 2 i n  the denominator since it is two-dimensional 
problem). I n  the simplest case, the transport mean free path 
is equal to the average mean free path AAof a particle between 
collisions. This equality is true only if there is isotropy of 
scattering on collison. If t h e  scattering is anisotropic,A + A4 

& 

(13.17) 

where N = 1/d2 is the  number of scattering particles per unit 
area, d is the average distance between irregularities, 8 i s  the  
scattering angle and Q- is the scattering cross section which for 
two-dimensional case has the  dimensions of length. 

Let us introduce the parameter a = f/r. 
we get At, = A s  = d2/2r andX = vd2/4r)at 1 

Then, at o 1 a d  1, 
a COO we have 

(13.1 8)  

(1 8.19) 
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For  ultrarelativistic particles, v +c and mvc -+ 8 where 
6 is the total energy of a particle. F r o m  this, we get 

(13.20) 

Scattering of particles, having different energies, by fields of 
t h e  type Hs = const. i s  shown in Fig. 13.10. Vector of the  inten- 
sity of magnetic field Hs, perpendicular to the plane of propag- 
ation of charged particles, can have two directions differing by 
an angle T. In the case of large values of d, diffusion will take 
place only if the frequency of encountering the magnetic fields 
having both the possible directions of H s  is the same. If there 
a r e  magnetic fields of only one direction, the charged particles, 
deviating af ter  every collision in the same direction, will not be 
able to come out of t h e  limited space. 

d e  + 

Fig. 13.10. Scattering of particles of dqferQnt energies by iTYegUlaritiQS of 
the tyfie H s  = const [17]. 

2 )  Let Hs = M/rn. Let us use the unit of length d! = (eM/ 
rnvc)l./("'l). After simple computations, we get 

A t  n = I ,  t h e  parameter 
length. 
particles a t  any value of n. 
out of the field H s  = M/rn a t  n L I .  
force mv2/r N l / r  decreases with distance more rapidly than Hs. 
Trapping and focussing of electrons by fields Hs = M/r 
n C. 1 is used in betatrons. 

loses its significance as  a unit of 
Consequently, fields H s  = M/rn cannot scatbr charged 

Obviously, a particle cannot come 
In th i s  case, centrifugal 

at 
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If n > l ,  the centrifugal force decreases with distance more 
Consequently, 

A t  
slowly than Hs and the particle can go to infinity. 
particles can be scattered by fields Hs = M/rn only at n > l .  
n L: 3, the  magnetic field HS = M/r3 which corresponds to the  
distribution of field in the  equatorial plan 

The unit of length Q takes the form Q = 
the significance as that of magnetic moment of the dipole. 
equal to the magnetic moment of the Earth,d is sometimes call-. 
ed as "stormer* (see Section 7). 

gnetic dipole4 
. Now M has 

M is 

In the case of dipole field, we finally get 

x = (Ql8 4 0,m) d%l/mvcleM. (13.22) 
For ultrarelativistic particles, (13.22) takes the  form 

Thus, i f  the irregular field is H = const in a circle  of 
radius r ,  from formulas (13.19) and (13.20), we get the depend- 
ence A *v R2 for relativistic as well as nonrelativistic partgclee. 
If Mr -., l/r3 (dipole field), f rom equations (13. 22)  and (13. 23), 
we get A - Tf(2. 

Motion of energetic particles in the  interplanetary space 
* 

is controlled by large -scale magnetic fields along with the i r  
scattering by small-scale irregularities. 
is at small angles and if * e ,  the scattering takes place at 

If f ->e , scattering 

Earlier,  this problem w a s  studied by Parker  [18] with ttle 
assumption of "thin" and Pithick'' scattering centers,  scattering 
at  which was considered to be partial if $ 3 4  and complete if g<& 
F o r  high-energy particles ), such a model is probably 
fully satisfactory while at low energies ( f ( e ) ,  it is necessary 
to apply t h e  model of guiding center when the particles move 
through irregularities along the lines of force. In th i s  case, the 
particles either undergo mir ror  reflection at some point of the  
irregularity does not significantly change during collision with a 
particle). Th- model of "thick" scattering center includes a 
wrong assumption about complete scattering a t  low energies. 
Actually, maximum scattering is observed at  an intermediate 
energy when Q-awhich approximately corresponds to re Sonance 
between variations of the magnetic field and cyclotron frequency 
of the particle. 
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By t h i s  time, detailed observational data have been obtain- 
ed on t h e  propagation of energetic particles in the interplanetary 
space (see Chapters I and HI). Therefore, it becomes necessary 
to describe scattering of particles at magnetic irregularities in 
more detail than is possible from the models of "thick" and 
Itthin" scattering centers. To this end, Parker (1 91 studied the 
problem of a particle of mass m, charge q and velocity v moving 
in a magnetic field of uniform intensity Hs i n  x-direction and 
it was  assumed that t h e  magnetic field has  only one irregularity 
of the type 

F (xi = ($ j 
or 

F ( x ) = a  e+$)* 

(13.24) 

(13.25) 

where a is the amplitude, b i s  the characteristic length of the  i r r  - 
egularity (Fig. 13.  I I )  and 4 i s  the integral of probabilities. 

z/b 
Fig. 1 3 . 1  I .  Diblvibiciion of a field of two irregularities described by squntw?is 

(1 .?. 24) and (1 3.25) (curve 1 and 2 respectively). 
As shown in  1141, the scattered velocity component, perpen. 

dicular to the field, is determined from the relations 

(1 3.26) 

dVl=, lL.  "II b __ P2 exp (- g). (13.27) 
a b2 

The functions a r e  shown in Fig. 1 3 . 1 2  

It is seen that for  fixed values of a and b, the scattering 
amplitude VI/V,\ tends to zero as P becomes very large or 
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Q,. 13. 12.Alnplitu&? of scattering A?II/UJJ at iwegtrlarities of the type 
(I >?.2.1) rind (1 3 , ~ s )  , oBtained from the Yelalions (1 3.26) and 
(13.27) (curves 1 and 2 respectively). 

The scattering is maximum at S = 4/2l/' and very small. 
3 = &/2 where A vL /v,, 
a/b respectively. Ratio of scattering amplitudes, determined 
from (13.26) and (13.27) is equal to ( 2 / ~ ~ l / ~ ) $ l / 2  which is less 
than one at low energies although, as a matter of fact, in each 
extreme case, scattering is low as compared to the maximum 
near the point 

has the values of 1 . 7 2  a/b and 2.58 

g/b  = 1 where (13.26) and (13.27)  a r e  comparable. 

Considering irregularities in field distri  bution of t h e  type 

(13.28) 

(113.29) 

Parker  [I 91 derived the following two expressions for /wLL 
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These expressions show that  increase in tkfe nrunber of 
regular fluctuations of field can noticeably reduce pure scattering 
a€ $, 4 ,  Obviously, for the theory of scattering of high-energy 
particles, it is important to solve the problem a s t o  whether the  
irregularities should be considered a s  different and independent 
disturbances of the field o r  every such distrubance in one direct-  
ion is accompanied by an extremely similar convexity in t h e  opp- 
osite direction. 

These examples serve as a n  illustration of the nature of 
scattering of a charged particle by irregularities i n  a large-scale 
field. On reducing the rigidity of particles, scatt,qing goes 
on intensifying till it  becomes maximum at t h e  time of resonance 
between the cyclotron frequency and rate of change of field acting 
on the moving particle. As mentioned ear l ier ,  a t  tow energies, 
scattering decreases to zero and therefore, motion of particles 
can be described on the  basis of the model of guiding center. 
The particle in this case e i ther  undergoes mi r ro r  reflection o r  
passes through the irregularity without changing the pitch angle. 
These facts should be kept in view while interpreting observati- 
onal data on the propagation of energetic particles by taking into 
account the irregularity spectrum measured by Coleman[20,21] 
at the  end of 1962 on "Marimr - 2''. 

For the expressions obtained in [19] to be trgze, it is neces - 
This requirement is authomatically satis - sa ry  tha t  B W ~ / ~ ~ C L  j . 

fied for large and small values of b/f. 
ability a t  all values of b/#, it is necessary t h a t  t h e  condition 
(A vl /v,, ) LLl is fulfilled. F rom this follows the 
ments a 1 4  b, i. e, * the irregularity should have small "inclina- 
tion" and its length should be m o w t h a n  its amplitude o r  
a .44 0.2b. Obviously, if -a*u&natically leads to the require- 
ments that length of the path, measured along the linestof force,  
may not increase too much due to the effect of irregularity (i.e. 
due to twisting of the  line of force). 
pression of the  lines of force ih .the irregularity is not large and 
therefore, all t h e  particles with pitch angles 8 6  1 radian pass 
through the irregularity more or less freely without m i r r o r  re - 
f 1 ec t ion. 

However, for its applic- 

require- 

It a lso signifies tha t  com - 

Motion of charged particles in the interplanetary space is 
,considered in a number of works of Roelof [22-261. For  studying 
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t h e  propagation of low-energy solar  protons o nergy 1 -1 0 MeV, 
it is assumed in [22] that the charged particles will diffuse thro- 
ugh the magnetic fields which are so irregular that approximatior 
ol’ guiding center is not applicable for describing the  motion of 
a particle. For studying the transfer of particles in these fields, 
the equation of motion 3 v/a t = v x W (W-gyrofrequency equal to 
ZeH/mc and v-velocity of the particle) is solved, i n  which v 
and -w are taken as stochastic variables. 
sum of average field Ho and fluctuating field h, the average value 
of the  autocorrelational function of which is equal to zero. The 
field h can change, with time as we11 a s  in space. Such consider - 
ation is applicable only if 3 k / b t  does not give r i se  to significant 
induced electric fields, It was found tha t  distribution function 
for V satisfies the  two -dimensional equation of Fokker -Planck 
(on a sphere of radius V in the  space of velocities). 
is characterized by three parameters: 1 ) average field Ho; 2) 
mean square component of fluctuating field; 3 )  space parameter 
of correlation 2 for fluctuating field. It has further been shown 
t h a t  the particles actually diffuse and at  ha-, W,, diffusion is in 
th ree  directions while at H,>hit is mainly in one direction (along 

c r  

Magnetic field is the 

The process 

. 

2 

S O ) .  

Solution of Fokker-Planck equation of motion of charged 
particles in a n  average magnetic iield 
tropic arbi t rary field B shows [23] that distribution of velocities 

with superimposed iso- 

t ic  with characteristic time of relaxation z = 2vq/1~ . 
lass of the parti respectively, c i s  the- velocity of 

light and P(ko). is the spect energy density of any component of 
the arbi t rary field B defin y bhe wave number ko = qBo/mcv. 

netic field, it can be assumed that the 
slowly i n  space if the characteristic le 
slightly more than the ‘relaxatidn leng 

Here v, q and m are the velocity,charge and re- 

For the case Bo 2 a B 2  corresponding to the interplanetary mag- 

c distribution of ocities, i n  this case, has the form 
= vr/2L and p is the cosine of the 

of the particle, measured f rom the direction qf the 
decreasing field. This process of distribution of v 
to the diffusion equation with diffusion coefficients 
along the average field and 
field. 

z2” ( fiox)’2X1 perpendicular to the rr 
Average drift velocity along the field is equal pv where 
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I 

6 = Arcth s . 
data on solar cosmic r a y s  gives 
Earth's orbit, it corresponds to 2 ~ 1 0 ~  see and therefore, 
'X1>73 and % -1O- l .  -Thus, propagation of solar protons 
apparently corresponds to manometric diffusion along the l i n e s  
of force with slight anisotropic distribution of particles along 
pitch angles. Externally, drift will give rise to intensification of 
the decrease i n  the particle flux at the end of the event. Spectral 
energy densities obtained on the basis of diffusion coefficient €or 
flares,  starting from 1956, are about one order less than those 
from spectrum of irregularities obtained by Coleman [20] on 
"Mariner-2' and a r e  i n  agreement with the form for  Larmorov 
frequencies of protons with 

Comparison of diffusion equation with observation - 1021 cmz/sec. N e a r  the 

bk = 20-2500 MeV. 

Propagation of charged particles in the interplanetary mag - 
netic field is studied in [24] with the help of statistical methods 
and the theory of adiabatic motion. 
cles moves along the  smoothened average field B and smal1,arb- 
i trary spatial changes of field b 
ion of pitch angles with characteristic relaxation time 
5 = rn2c2v/2q 4.24 where m, v and q are the mass, velocity and 
charge of the particle respectively, c is the  velocity of light, b2 
is t h e  mean square amplitude of disturbance and is t h e  length 
of correlation of field disturbances. If B is uniform, diffusion 
takes  place along lines of force with mean free path A= wZ,&.,A 
is proportiona1 to v2 . 
distance from the Sun, rotation of the  direction of motion of 
particles appears to be less  probable although small ( - 10%) 
local increases i n  the field B at a distance of r from each other 
lead to such rotation of t h e  direction for particles having large 
pitch angles. If Y Z <  4. irregularities can be observed at  
A A, Electron with&+- 40kev 
and protons with eb- 100 Mev apparently satisfy the conditions 
of t h i s  diffusion with mean free path I\ not depending on velocity. 
A t  t h e  same time, their velocities are comparable and therefore, 
they should have diffusion coefficients of t h e  same order which 
is in agreement with the results of observations. 
beams of energetic solar particles, observed by measuring 
7.5-45 Mev protons on "Pioneer-6'' and 45 kev electrons on 
"IMP-3", is the source of information on local properties of 
the  interplanetary magnetic field and on propagation of particles 
in th i s  field. 

256 

The guiding center of parti- 

change to irregular distribut- 

Since B decreases on increasing the  

r, i.e. ,A  is proportional to '410, 
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It was found in  [25] that local diffusion coeff ic ients  i% 
* * Z  / b  and and t r a n s v e r s e  t o  the l ines  of f ie ld  are 

U %3 r2wjl and  therefore ,  propagation of pa r t i c l e s  ata 
distance of 1 a. u. is highly col l imated along the  lines of field- 
In the  reg ions  where  the  l ine has  i r r e g u l a r  d i s tor t ion  to $is 
b w T  , pitch angles  {y )  have the d is t r ibu t ion  - (2 shk) 
exp(k COS y )  w h e r e  k = v z / 2 L  (I, is the cha rac t e r i s t i c  dimemskm 
of mean field B 2 0 / ~ o v ~ o ) .  
gives information (through k) on the s ta t i s t ica l  p rope r t i e s  of 
local  f ield and  p a r a m e t e r s  of propagation of pa r t i c l e s  even  i3 the 
observed  phenomenon does not have the na ture  of simple diffx.xsiomo 
P r e l i m i n a r y  compar ison  with the data of "Pioneer-6'* at C O F F ~ S -  

ponding moments  of time is wel l  in ag reemen t  at  h-l5'% fr 
w h e r e  - 1021=-1022 cm2/sec for protons with = 
MeV. "IMP-3" d a t a o n  e lec t rons  have m o r e  complicated mt 
Apparently,  a r b i t r a r y  dis tor t ions along the  l i n e  of force bo 
wave number,  corresponding to  e lec t rons  with & k = 45 
b e  "discontinuous" within the  limits of the  scale. 

Thus, an iso t ropy  of the particks 

Resul t s ,  obtained on  solving the problem of motion OTC 
ged par t ic les  in the interplanetary magnet ic  field 124, 251 are 
compared  in [ 2 6 ]  with the data on spa t ia l  power spec t rum dtltna? 
interplanetary magnet ic  field by a s s u m i n g  tha t  time variations of 
magnet ic  field,  recorded on a satellite, a r e  related only to &he 
t h ree  -dimensional i r r egu la r i t i e s  of the field. In th i s  case, w d o a -  
es of exper imenta l ly  m e a s u r e d  Biffus ion coefficients for particl- 
es of different  ene rgy  w e r e  used. 
variations,  cor responding  to  wave -length - 0.1 a, u., represent 
the cha rac t e r i s t i c  fea ture  of the interplanetary magnet ic  fkkL 

It is pointed out  that space 

According to  Wibberenz [27], dr i f t  can  play the  same role 
in propagation of pa r t i c l e s  as  sca t te r ing  if the par t ic les  move 
t r a n s v e r s e  to  the magnet ic  field a n d  it is possibly m o r e  e 
in ce r t a in  configurations of magnet ic  fields. 
oci ty  and  r igidi ty  is insignificant in  both the cases. 
effect  of dr i f t  on the value of p : a r a t io  
the basis  of observat ions nea r  the E a r t h  a t  different stages ofco- 
s m i c - r a y  flares. This r a t io  a t  a constant  e n e r g y  per n 
pract ical ly  does not change with time if the dependence 
r igidi ty  is taken into account  as was  done in  Kr imigis#  
isotropic  diffusion [ 2 8 ]  (a lso see Kr imigis  and Van All 

Dependence QII vel- 
The POSS~ 

is d i scussed  in [27] ona 
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' nata on actual interplanetary field a r e  of great interest for 
' the theory of propagation of cosmic r a y s  in  the solar system. 

n this connectiono let  us consider basic results of the work of 
Coleman [20] in which the properties of variations of interplane- 

gnetic field observed with the help of the magnetometer 
iner-2@ during August 20 - -  November 15, 1962 are des-  
I n  the spherical system of coordinates with center on cribed. 

t h e  Sun and polar axis coinciding with t h e  axis of rotation of the 
Sun, interplanetary. fie1.d is described %y the components 
and Bq ~ It was shown that amplitude distributions of t h  
ponents, taken during the periods with constant polarity of field, 
are more or less similar to the Gauss distributions. 
these distributions is equal to 5. 8; 10.0 and 10. 0 gamma2 for 

r radial component Br is considerably less than that for the 

Width of 

and BQ respectively. It should be underlined that width 

two transverse components. Spectra of energy density a r e  given 
for each of the th:ee components in the frequency range of 1 . 3 5 ~  

variations of radial components a r e  less than those for the compo- 
in  the whole range of frequencies and the ratios' 

of energy densities B r ,  Be and Bq practically do not depend on 
frequency. Energy density i n  the spectrum is a sharply decreas- 
ing function of frequency while the spectrum has the form dh2/ 
df- f - l - f m 2  in  the frequency range of (1.16-5. 8)x10m3 Hz. 

. 10'5-1. 3 5 ~ 1 0 ~ ~  Hz. Comparison of the spectra shows that 

and B 

Fig. 13.13 shows the spectrum of energy density for Bq- 
component of-the interplanetary field which is perpendicular to 
the Sun-''Mariner-2" line and lies in the plane of solar equator, 
Results obtained for different periods and from different methods 
of machine processing of primary data a r e  shown by different sy- 
mbols. 
field was about 58 while the velocity of solar wind was  approxi- 
mately equal. to 400 km/sec. In t h e  frequency range of ~ x I O - ~ - -  
3 ~ 1 0 ~ ~  Hz the spectrum is-well described by the function which 

In October 1962, average intensity of interplanetary 

has a tendency to increase the inclination at f 3 5x10 4 Hz. 

Receartly, spectra of energy densities for different compo- 
nents of the interplanetary field were obtained by Siscoe et al. 
E301 from t h e  magnetometer data of "Mariner-4" during the two- 
week quiet period in the end of 1964. 
transverse component Bqwas also approximately proportional to 

In th i s  case, spectrum of 
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f,  Hz 

Fig .  1 9 . 1 3 .  Spectrum of energy density for BQ - compmtemt of the interpIane- 

f-1 a t  low frequencies with transition to steeper spectrum at 
f 
took place at a frequency lesser  than in 1962, can be significant 
during analysis of modulation effects of particles of extremely 
low energies. 

tary field'in Ocllober 1962, 

The fact, that transition to steep spectrum in  1964 10'4 sec. 

One of the latest works on the  study of the motion of parti- 
cles in the irregular field was carried out by Jokipii [31]. ][a[31], 
magnetic field is considered to be the superposition of a constant 
field Bo and a small fluctuation component B1 which is a uniform 
arbitrary function of coordinates with zero mean value, Fokker- 
Planck coefficients, describing evolution of distribution of parti- 
cles according to pitch angles and coordinates, a r e  correctly de- 
rived with the help of two-point correlational function for B1 or 
with the help of Furier spectrum of the irregular field. 
been shown that time evolution of distribution depends on irregu- 
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lar field in  two ways: 1) the particle is scattered by that irregu- 
lari ty which corresponds to resonance with the cyclotronfre- 
quency of the particle; 2) the particle accomplishes a rb i t ra ry  
circdation along the lines of force i n  the plane xy and moves 
alelong the z-axis. Jokipii [31] also finds diffusion approximation 
for  Fokker-Planck equation and derives the tension for diffusion 
coefficient. 
energy density of different components Gf the interplanetary field 
i n  the form r~ f - l  Jokipii [31] showed that diffusion coefficient 
for a particle of rigidity R and velocity v, moving along the mean 
magnetic field Bo, has the form 
ed that calculation of 
change i n  Bo should be small for the length of transpor 
free pathA,L%a:/v to be satisfied. Fo r  protons with 
MeV, the mean f r ee  path is A 6 1012 cm while the characterist ic 
dimension of the field beyond the Earth8s orbit is more than 1 a. u. 
= I .  5 ~ 1 0 ~ 3  cm and therefore, the required condition is satisfied. 
As shown in  [31], diffusion is extremelyanisotropic: x 
While s tdy ing  different assumptions about t h e  nature 
lmg by magnetic irregularities, L. 1. Dorman [32] a lso found t h a t  

to the observed spectrum of irregularities. 

Applying coefficients to the observed spectrum of 

- B&v. It should be mention- 
quired the condition that 

RIP; however, h i s  resurts were obtained without referring 

Gloeckler and Jokipii [333 made a n  attempt to apply the 
results of theoretical estimate of Jokipii 1321 to the observation- 
at data of Fan e t  al. [HI. 133; 341 obtained with satellites '*IMP-- 
I p p ,  DQMP-2'D and 8sIMP--3'' during almost two years  near t h e  
m'mimum solar activity (December 1963 --September 1965). The 
ratio of the  intensities of primary particles (t2)/11 (ti )] as  
a function of RV w a s  studied for different times during t h e  given 
period, The value of ln(12/11) was found to be inversely propor- 
'tiad. to Rvwhieh was well i n  agreement with the estimate given 
ia E311 for the rea l  interplanetary field. Other types of dependen- 
c@s h@Z/I1)  .y 
mental data in t h e  considered range of rigidities (0. 03-2.0 Gv). 
It should be mentioned tha t  experimental points obtained during 
l96.a-65 have a tendency to arrange themselves slightly below t h e  
straight l i ne  In (I2/11) 1/Rv at low energies. According to 
331, it may be caused by the increase i n  the steepness of the 

spectrum of energy density obtained in  the end of 1964, at fre- 
qwncies f 3 l o - *  Hz which corresponds to cyclotron frequency of 

- I  o r  In (Iz/Il) - IP do not satisfy t h e  experi- 
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t he  particles with R 4 0 . 3  Gv. 
ulation of cosmic rays were obtained by a number of other rese- 
arch  workers (see references in [34]). 

Similar results on effects of mod- 

Thus, observations on cosmic rays a r e  well in accordance 
with the modulation effects expected from the irregularity spect- 
rum of the real  interplanetary field [ZO, 301. Although magnetic 
data are not sufficiently complete and t h e  diffusion coefficient is 
deterimined only for the  region near the Lar th*s  orbit, it is clear  
tha t  modulation is caused by magnetic irregularities carried by 
solar wind and tha t  the motion of particles can be quantitatively 
described by the measured spectrum of irregularities, 

The relation between diffusion coefficient of cosmic rays 
and the spectrum of irregularities of the interplanetary magnetic 
field is studied in the work of A. Z Dolginov and I.N. Toptygin 
[35]. 
authors [35] got the following expression for  mean free paths: 

On the basis of the kinetic theory (see Section 16), t h e  

mean free paths along . obviously, in the case of an  extremely regular 
), the mean f r ee  path of particles can depend on 

a particle of Larmorov radi  

determined f rom the type of spectral  function. 
of magnetic fields, corresponding to the values of f from 
to Hz, observed in [ZO] a r e  effective for scattering 
protons of Larmorov radius x v/f. According to experimental 
data, putting Hg >,< and 3 = 2, the authors [35] ar r ive  
at the conclusion that the mean f ree  path of such protons along 
the lines of force of the regular field does not depend on their 
momentumand is  equal to 6x105 - 10 km. 

ing to [35] 

is effectively scattered at 

Irregularities 

6 

(21 the other hand, if the regular field is weak, accord- 

261 



L.I. DORMAN AND L.I.  MIROSHNICHENKO 

where YJ (x) is the correlation function, the components X i $  
are 

9 

and the remaining components of the diffusion tenoor a r e  equal 
to zer 0. 

Very important results were obtained by Rinehar t [3 61 
who used the method of the theory of small  disturbances for 
evaluating the effect of regular interplanetary field coz the 
motion of protons. Diffusion coefficient i s  ccmsidersd to be a 
tensor and the small parameter of the theory of dlsturbancsa t @  
equal to the square of the rat io  of the frequency of colPkSCon d 
protons with magnetic irregulacritie6 to the cyclotron frequency 
of protons in the regular field, 
equation so derived on comparing: with the experimental datir 
on solar protons, facilitate evaluation of tha relation between 
the parameters of the modal under referenee and apparently, 
offer a method for determining each of the parameters indivi- 
dually . 

The solutions of diffusion 

~ t k m ,  trapping and propagatken d energetic pr&)ton~, 
associated wit3.r solar flares,  in irregular magnetic fields of 
plasma c l o ~ ~ d s  in the bnterplanetary space were analymd wi# 
the help of .@@$ 1 methods in the work of Waddell and Mc- 

.field wars assumed to b e  nmdirect imal  wi# 

,Qj.s#pi&&itm c# protons in the cloud in space a d  
, a g ~ ~ p i j b g  to Intensity, obtained by direct  

measuremen@, 
with the ps.Fgsipg,e & #im ww1s evaluated by the method of Monte 
Carlo. The werag@ &TW g$ @:wia@ence of a proton in the c l o d  
varies frQmg dew s g g ~ d i  B ~ B P  the Sun to a few hours near 
the Earth.. ,$onseque&lyt ggot~ns saaily penetrate the cloud in 
the corona pver the flare a& &F@ carr ied by the cloud which 
contributes a lot to the intensky a% the later stage of develop- 
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ment of the phenomenon. Within the limits of the cloud, diffusicn 
coefficient is inversely proportional to the mean square 
intensity of the field. 

studied motion of charged - particles i n  magnetic fields changing 
in space and with time. Drifting and mechanism: crf accelera- 
tion of the particle are considered. 
obtained to the mechanisms of acceleration of solar cosmic rays 
and to the motion of trapped particles in  the external radiation 
belt i s  discussed in short. 

otion of solar cosmic rays in the interplanetary magnetic 
field was also studied by Bennet (391. Bennet (391 considered the 
model of interplanetary magnetic €&Id consisting of a collection 
of discrete, sharply marked fibers o r  tubes of lines of 
force. 
every fiber. If these scales are retained at all the points of fiber, 
the magnetic momentum of particles (first adiabatic invariant) is 
also retained. The fiber i n  this case becomes fluent for nonrela- 
tivistic solar protons while the pitch angle of particles systemati- 
cally decreases with a n  increase i n  the heliocentral distance as a 
res& of which the beam becomes anisotropic. 
the transverse scale is an invariable internal property of the 
tube of lines of force. 
the loops of magnetic field caused by magnetohydrodynamic 
shock waves from solar flares. 
center is considered as a virtual source of particles. Particles 
of very low rigidity will continue satisfying the corresponding 
scales and retain focusing while the rigid particles get diffused. 
Nature of the phenomenon, associated with propagation of parti- 
cles of solar flares, significantly depends on heliocentral dis- 
tance and number of magnetohydrodynamic shock waves coming 
in the path oi the beam of energetic particles. 

Us ing  the approximation of guiding centero Sakurai [38] 

Application of the results 

Longitudinal and transverse sc<".les can be attributed to 

It is shown that 

Longitudinal scale may be  disturbed by 

Every discrete scattering 

Rostami and Coleman [128] studied motion of charged 
particles in the magnetic field of solar wind depending upon 
time and coordinates. 
2", interplanetary field is represented as superposition of 
spiral and arbitrary (irregular) fields. 
have been calculated for  every point of the space. 
was averaged for parameters with the help of computers e 

was assumed, tensor of diffusion was found to be  anisotropic 

cx1 the basis of the results of "Mariner- 

Diffusion coefficients 

As  
The field 
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Spatial and energetic dependence of diffusion coefficient were 
determined which in the case of diffusion along the average 
field was found to be equal to 10 20-1021 cm2, set" (for 5 0 -  
300 Mev protons at a distance of 1 a, u.); this value is l e s s  
than m.ost of the previously obtained values. 

114. DIFFUSION MODEL OF THE PROPAGATION O F  SOLAR 
COSMIC RAYS 

Different aspects of diffusion model of propagation of 
solar particles and basic results on interplanetary field, 
spectra, duration of emission and other characteristics of the 
particles, obtained on the basis of this model, are described in 
%is Section. 

14.1 Applicabilip of diffusion a-rdximation. h this - - -- -- 
approximation, motion of cosmic rays is considered similar to 
diffusion of molecules in a gas with veloc ity v equal to the 
velocity along the lines of force of the magnetic field, and 
effective mean free path A which characterizes configuration of 
the field (in the s imples t case, A is the s ize of reg ion w ith 
approximately uniform field). One of the possible objections 
to this model lies in the fact that cosmic particles must move 
strictly along certain lines of force in accordance witl; con- 
servation of adiabatic invariant. However, even w ithin the 
framework of the views on adiabatic movements, i t  is necessary 
to consider drift of particles related to nonuniformity of the 
fieldand leading to  transition of particles f rom one line of 
force to another. Moreover, adiabatic consideration in general 
is not applicable to  that case when the density of the energy of 
the cosmic rays becomes comparable to the density of the 
energy of the magnetic field. 
defines the movement of cosmic rays but the cosmic rays them- 
selves, to a great extent, determine the configuration of the 
magnetic field. These two considerations provide a base to 
visualize inevitable stirring (isotropization) of cosmic rays 
which can appraximately be described by diffusion equation 

In this case,  the field no more 

[L21]*. v 

As sham by Parker fl. 611, there can be two mechanisms of stirring of 
particles in the ihterplanetary space: I - difjirsion of fast particles in the 
passive scattering medium; II - dij&sion due to movement of magnetohydro- 
dynamic waoes (the medium is active but the particles passive). 
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In the recent past, a new approach w a s  suggested to the 
problem of isotropization of cosmic rays based on plasma 
effects. V. N. Tsytovich [40] considered two mechanisms of 
isotr opization: 

1) beam unstability of cosmic rays; 
2) their scattering at turbulent fluctuations of plasma. 

It was shown that, a t  the initial stage of development of 
beam unstability, there appear nonlinear effects of interaction 
of generated vibrations which, in the case of anisotropic relati-  
vistic particles, lead to liquidation of unstability and to dis- 
continuance of isotropization process at very low values of 
energy passed on to plasma fluctuations by  cosmic rays. How- 
ever, in the presence of ion beams, in plaswa, having average 
velocity more than or of the order of thermal velocity of ions 
in plasma, the nonl'hear effects, on the contrary, facilitate iso- 
tropization. Ch the other hand, isotropization of cosmic rays 
due to scattering a t  high-frequency turbulent fluctuations of 
plasma or a t  hydrodynd+ 7ic  fluctuations, excited by some sources 
is very effective. 
V.N. Tsytovich 1401 to solar cosmic r a y s  in the interplarietary 
plasma has not been studied up to this time. 
ar ise  certain difficulties connected with the short-lived ani - 
sodropy of cosmic -ray flares. 

Applicability of these effects considered by 

Apparently, there 

Thus, suEf iciently high degree of irregularity of inter- 
planetary magnetic field is necessary for applying the diffusion 
approximation. 
of magnetic irregularities, It should be mentioned that their 
existence in the interplanetary space is indicated by such 
experimental facts as isotropy of the beam of solar particles 
near the Earth some time after the commencement of the flare 
and decreasz in their intensity approximately according to the 
law /v t-3/' which corresponds to the case of three-dimension- 
al isotropic diffusion, widening of the image of the source of 
solar cosmic rays,  displacement of shock zones for solar 

s e c o d  tnechanisw is apparoztly maye effective in higher r e g z h r  fieeds 
(local fields 012 the Sun, georrbag?tetic field, e tc . )  while the first mechanism 
is p?-obnbly more effective in the interplanetary space where the f i e l d  is 
weak atid irregular [21, 301 and the velocity of magnetohydrodynamic waves 
is sn1nll. 
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particles with simultaneous w idening (arr ival  of particles in the 
prohibited zones), delay in the arr ival  of low-energy particles 
as well as  direct measurements (see Section 13 ). 

Requirement of independence of solar particles during 
their motion in the interplanetary as well as geomagnetic 
fields is of no less importance. Satisfaction of this require- 
ment for interplanetary space does not apparently lead to  any 
doubts if the weak intensity of interplanetary fields (1 0-3 - 1 0 6  
gauss) and low concentration of solar cosmic rays ( -10-8 crS3 
for protons with & k rJ 100 MeV, according to Obayashi and 
Hakura [ll. 811) are taken into consideration. As far as motion 
of solar particles in the interplanetary field is concerned, 
this problem was considered in detail 'in Section 7. 

If follows from the above-mentioned facts that explana- 
tion to the motion of cosmic rays (accuracy of diffusion approxi- 
mation, role and mechanism of disturbances in adiabatic 
invariant, mechanism of is otr opization of cosmic rays) st i l l  
remains an urgent theoretical problem. 

Diffusion equation. Formally, it is necessary to satisfy 
two conditions in order to apply the diffusion equation, Firstly,  
concentrations of particles must satisfy the equation of 
continuity. 

an - =-divF. df (14. 
Secondly, flux F must  be  proportional-to gradient n taken with 
the opposfke sign: 

F=- x grad n. 
Combining (14. I) and (14.2), we get diffusion equation 

an = div 1% grad n]. (14. 
where diffusion coefficient X can in general depend on the 
coordinates of the point of observation. 
equation (14.3)takes a very simple form: 

If !S = const, 

(14.4) 
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While studying propagation of solar particles in the 
interplanetary space, use is often made of the solution of 
asymmetrical parabolic equation of the type 

f > 0, 
at zero  initial conditions n( r ,  p) = 0 where n is the concentration 
of particles; = /! v/3 is the diffusionsoefficient of particles 
of velocity v and transport range A and F(r, t) is the power of 
the source (injection function). Solution of equatioft (k4.5) at 
zero initial condition in the case of a point source F=F(t)  8 (r)  
has theform 

E : 

(14.6) 

DWusion equation Ls a simple consequence of the general 
problem d arbitrary straying of a large number of partlcles 
without any mutual effect (see Chandrasekar [41]). In order to 
describe motion of particles in the interplanetary space 
correctly, it is necessary to use the integral (kinetic) equation 
(see Section 16). However, the differential equation which gives 
an approximate description of the process of propagaiiw, is  
solved 80 Bimply that it is appropriate to use its solwtlons if only 
they a r e  suitable. 

b diffusion equation, there is first derivative of t 
while in the wave equation there is second derivative. 
difference leads to the fact  that solutions of diffusion equation 
a re  stable and singuIar only a t  t 7 0 .  As is known, dependence 
on time for  wave equation has the sinusoidal form exp (- itjt ). 
However, as will  be shown below, the term for diffusion 
equation giving dependence on time has the form exp(-r2/4%t), 
i. e. , it is asymmetrical with respect t o  t. At t->O, this term 
decreases exponentially while at t 4 0 ,  amplitude of the wave 
infinitely increases with an increase in 

This 

1 t l .  

Directional effect, with time, of the solution of diffusion 

As 
equation is the result of the fact that this process reflects 
the behavior of some mean distribution of many particles. 
it follows fr o m  the theorems in thermodynamics, nonuniformi- 
ties in these mean distributions, which could exist in the 
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beginning, get smoothened with the passage of time and it 
leads to an increase in entropy. 
ation that the phenomena described by diffusion equation have 
statistical nature (see Mors and Feshbakh 1421). 

It is equivalent to the confirm- 

Let us mention one more important aspect. 
sider diffusion of particles f rom a point'source in an infinite 
uniform medium, in the stable regime (uniform emission of 
particles in all directions), we g e t  that concentration of 
particles decreases with distance as - l / r  in place of the 
law - l/r2 for vacuum when the particles move f rom the 
source in straight lines (see 1431). Qviously, particles just 
near the Source undergo first  collisions at a distance equal to 
the mean free path. If the source is enclosed by a concentric 
sphere whose radius is small as compared to the mean free 
path, there will be a very small number of collisions in 
the sphere. Consequently, expressionfor n near the source 
wi l l  have the te rm-  l/r2 while f rom the theory of diffusion, we 
get the law of change of cancentration n - l/r a t  every value of 
r in the atable region. 

Explanation of this paradax lies in the fact that the 
diffusion theory is not applicable to small distances f rom the 
source. While deriving the basic postulates of diffusioj'theory, 
it i s  implicitly assumed that this theory is valid at r >, A . 
Therefore, conclusions of diffusion theory are not reliable at 
r ( I \ .  H other words, solution of diffusian equation is not 
applicable till a time t 7 h / v  has passed after the exit of parti- 
cle from the source. The diffusion theory is also not applicable 
at distances r < A  from the boundary where properties of the 
medium change significantly or in the system whose dimensions 
a re  comparable to A . 

Elementary diffusion model. As is abvims f rom (14.6)' 
solution of equation (24.5) at zero iynitial condition is defined by 
the form of function F. 
IS the total number of particles emitted and 5 is the delta 
function (Le. ,  if we consider a point and instananeous source), 
from ( 14.6) we get 

Jf we t$ke F (r ,  t) = N g ( r )  g ( t )  where N 
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= c m s t  (diffusion in isotropic infinite medium), this 
solution corresponds to diffusion model which in future will b e  
called as elementary model. 

It i.s easy to notice that the curve (14.7) describing 
diffusion 'Cuave" is asymmetrical with respect to  t and has 
maximum at 

and the concentration at this point Is equal to 

. 
From the expressions (14.7) and ( 14. 81, we directly 

get a number of important conclusions. 

1) A t t r r 2 / 4  , the exponential factor in ( 14.7) does 
not play a significant role and the concentration s ta r t s  decreas- 
ing according to the law nN t-3/2 . This time variation of 
concentration i s  the most significant symptom of the relization 
of three-dimensional diffusion ip. the isotropic infinite rned 

2 )  Since intensity I is proportional to concentration of 
particles the graph In ( lk3l2) as a function of t-1 will be a 
straight line, the angle of inclination of which is determined by 

aut. 
ranieter -r2 /4 f rom where value of can be found 

does not depend on the energy of 
particles, then tm 

4)  E N = N ( R )  is the rigidity spectrum of particles at the 
time of emission f rom the accelerating region ( L e .  if it  is 
assumed that the beam of solar particles is not monochr ornatic 
as is observed in practice) and if A(R)-  Ra, the observed 
spectrum after Some time will have the form n(R)- N(K)R -3a/2 
i. e .  e the spectrum a t  o( 0 must soften with ti-. 

Dimensions of the region being studied f rom the data 
L_ I_cc_-- 

on solar cosmic rays.  As is seen from ( 14.9), concentration of 



Let us  now use data, the maximum amplitude of the 
outburst for February 23, 1956 JF ccording to [1,2 
neutron monitors on ar th  's surface recorded an increase 

which copresponds to the increase h 
103 times. ~ h u s  

m t i n g  nrnax (ra& 1 = 1.2 x 10-10 cm-3* from ( 1  
= 1 O a,u. [44], 
= 2 x 1G2 cm? sec-1 is taken for relativistic particles, 

maximum concentration a t  a distance of rx from the Sun will 
be observed a t  tma(rx)  = 2 x lo5 sec. Concentration of parti- 
cles a t  the Earth's orbit a t  this time can be determined from 
(14.7) by putting N = From the order of 

If the value of the dUfusion coefficient 

particles [I, 4. 
270 



PROPAGATION OF SOLAR COSMIC RAYS 

parameter, n ( r  
10-l2 c m 3  which constitutes - 1% of the concentration of 
galactic cosmic rays near the Earth 's  orbit. 

) is found to be approximately equal to 

According to Kane [46], neutron monitors at the Earth 's  
surface can record fluctuations of intensity with an e r ro r  of 
about c -I- 1 % during the two hours of recording. 
time when concentration of solar particles becomes comparable 
to the concentration of galactic cosmic rays a t  a distance of rx= 
10 a.u. f rom the Sun, concentration of solar cosmic rays on 
the Earth's orbit will practically be beyond the limits of sensi- 
tivity of the main recording instrument, i .e.,  neutron monitor. 

should be mentioned that the e r r o r  of t 1% refers  to the 
values of intensity dur.ing 2 hours and thzrefore, application of 
data for  lesser period of time will only reduce the recording 
ace ur acy . 

Thus, a t  that 

It can be concluded from the above-mentioned facts that 
Bolar cosmic rays,  recorded on the Earth,  give information 
about a space of radius 4 10 a.u. This estimate should also 
be considered as the upper limit since the data on February 23 
1956 flare - the most powerful of all the flares observed up to 
this time - were used in calculations. As a matter of fzct, the 
maximum amplitude of increase far the remaining flare's was 
by 1-2 orders less  than for February 23,  1956 flare [1.2] which 
decreases rx by 2 -5 times. Consideration of the decrease in 
the intensity of galactic cosmic rays by 2 times a t  the maximum 
solar activity- insignificantly changes the parameter rx = 12.6 a.u 

I€ we base upon the data of February 23, 1956 flare, an 
increase in &e accuracy of recording to t 0.1 % during 2 hours 
of the operation of instruments, achieved-for neutron super - 
monitors (see the work of Carmichael [l. 8]), can increase rx 
up to 2 1.5 a.u. 
cles over the background by - 0.1 % is comparable to the 
amplitude of other types of variations of cosmic r aysu l .  21, 
Section 3) .  Thus, it can be assumed within the framework of the 
diffusion model under consideration that the dimensions Q€ the 
region which can be studied from the measurements on solar 
cosmic rays a r e  not more than 10 a.u. 

However, increase in'the f l u x  of solar parti- 
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Rate of diffusion. obviously, rate of diffusion should be 
considered as the rate  of displacement of the c re s t  of diffusion 
"wave", i. e., the rate of displacement in space of the maximum 
intensity determined f rom the relation (14.8). E, as usual, 
we take vd = dr/dt,  f rom ( 14.8), we get 

3% 
r vd= -. (14.1 1) 

If the medium is infinite and uniform, the characteristic volume 
occupied by particles during their propagation f r o m  the point of 
emission increases and the concentration decreases, The value 
of vd can naturally be considered equal to the rate of increase 
of this volume. Therefore, on the basis of (14. l l ) ,  it can be 
written that r =p. If the volume increases in k measure- 
ments, the law of conservation of number of particles, follows 
the requirement n r k z  const f rom where we get the power 
Law n -  t-k/2 for the decrease of concentration. If k= 3 (three- 
dimensional diffusion in a n  uniform infinite space), in accord- 
ance with ( 14.7), nw t-3 12. 

Let us compare this case of diffusion from a point 
source in an infinite medium with the diffusion f rom a sokrce 
situated at some finite distance r o f r o m  the open boundary 
where n tends to zero due to free flow of particles into infinity. 
In the initial period (at  r d4rO), solution ( 14.7) of the diffusion 
equation is valid for infinite medium; i.e. , decrease af con- 
centration follows the law N t-312. However, in the case when 
a sufficiently large number of partioles s tar t  reaching the 
boundaries and coming out of the region of diffusion, the 
character istic dimension of the space occupied by particles 
obvibusly stops increasing (at  least  in the direction of the open 
boundary) and remains confined to a value of the order of ro. 
According to (14. l l ) ,  the average rate of diffusion in this case 
remains constant. 
and dn/dt is proportional only to n. 
will obviously be the characteristic time constant. 
result, we get the exponential law of decrease of concentration: 
n -"p ( -t/To). 
the form of spectrum with time should be one of its important 
con sequences. 

Flux of particles is equal to nvd= n3 

As a 
/;6 The parameter To YU ro 

AS mentioned by Simpson f471, constancy of 
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14.2 Diffusion equation and nature of diffusion medium. 
The elementary diffusion model comes across  certain difficul- 
ties. It, for example, cannot expfain the anisotropy of solar 
particles which is observed on the Earth 's  surface as well as 
in the interpknetary space (see Sections 10 and 11). 
over, the observed intensity of solar protons in the beginning of 
the outburst in some cases is less than that expected an the 
basis of the elementary model, i. e. graph of the dependence 
for some interval of time which, for example, for September 
28,  1961 flare coincides with the duration of anisotropy (about 
1.5 hrs. ) a  Explanation of this effect can obviously be found by 
modifying the elementary model by considering the nature of 
the dLffus ion medium. 

More- 

Nature of the medium is accuunted fgr  in the equation 
(14.5) by the diffusion coefficient. 
diffusion coeffici 
ie expressed by 
coefficient in the presence of a regular magnetic field is a 
tensor defined by the relation 

In an isotropic medium, 
which in the kinetic theory 

n by Allis [4 81, diifusion 

(14.12) 
where Fi the i-th component of the flux of particles and'n is 
the concentration ( i  = 1,2,3 1. 
matrix has the form 

Tens or ld described through 

I 
(14.13) 

where "31 = v/ A is the frequency of collisions of particles with 
irregularities of the magnetic field and 
Larmorov frequency in the regular field H. 

= eH/mc is the 

Equations (14,12), (14.13) along with the continuity 
equation ( 14.1) give 
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where 

y = Vy(v2 + 02). (1 4.1 6) 
The equation (14. 14) must be supplemented by the initial condi- 
tions. 

where N is the total number of particles of velocity v emitted 
a t  t =  O a t t h e p o i n t r =  re , p=brea,  @ o = ~ ~ o  e 

equations (14.14)-( 14. 17) completely define space-time distri- 
bution of solar particles in the interplanetary space with the 
consideration of the position of chromosopheric f lare  on the 
Sun’s disk (Fig. 14.1) 

Thus, 

Flare 

Polnt of observation 

I 0 
Earth 

W 
sun 

Fig. 1 4 . 1 .  Consideration of the position of chromospheric flare on the Sun 
while solving difSuswn equation for solar parricles. 

(a”*-, -3-t0),  solution of equation (14. 14) a.t initial conditions 
( 14.17) has the form (see Fibich and Abraham E4931 

Jn the limiting case of very strong magnetic field 

n(r, f )  = 

This expression is essentially superposition of solutions 
a€ the one-dimensional diffusion equation. 
since in the case of a very strong field, particles emitted a t  
the point r o  have very small rattius of curvature and there- 
fore, can propagate only along the natural line of force passing 

It is not strange 
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through this point, If r 
displaced to the point of c 
force, in the limiting case, we get 

which coincides with the solution for  the case of ~ r e e ~ i m e n -  

Let us now study the c 
netic field when the condition 

ca9 $Ld where z= v- 
ns. If the mean f r e  

n the velocity, this conditi 
= cp/eH i s  Larmorov radius of particles. 
i m p ~ ~ ~ ~ g  assumptions, the ~ o l l ~ ~ ~ ~ ~  ~ x ~ ~ e s ~ ~ o n  was 

Und 

obtained in [49] 

IW 

where the effect of magnetic field (factor 1/ 
of chrornospherfc f la re  (point with coordinat 
have been taken into account. It is seen f ro  
this case, there must  be exponentia'l anisotropy a t  the 
vatlon point. Expression (14.20) is similar to the result 
obtained earlier by V. I, Shishov [5 01 where the differentia 
approach was used for so€ving the problem. Simultaneous 
masursments  duzing orle flare with the help of many space 
rockets a r e  apparently necessary for c d i r n i i n g  &e angular 
dependence af concentration of particles in the interplanetary 
space. 

Comparison of the results. (14. 18) and (14.20) facilitates 
the assumption about the possibility of transition (during initial 
s tage of the event) from one-dimens ional to three-dimensional 
diffusion, 
intensity of magnetic field. Study of this problem on the basis 
of Boltzman's equation (see Section 16.5) helped to get the 
simple relation tt = JZ/f9 e  for transition time where 
is the distance of observation point f rom the axis of the regular 

The transitioh time should probably depend an the 
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magnetic field. Thus, higher the intensity of the regular corn- 
ponent of the interplanetary field,. more will be t t  and more 
effective the mechanism of scattering of particles (factor 3 - I ) ,  
+he lesser  will be k. 
pression for tt that the transition time is inversely proportianal 
to the momentum of particles. 

Moreover, i t  can be seen f rom the ex- 

Scattering d particles a t  the irregularities Qf the field 
in the presence of a weak but extending regular magnetic field 
was also studied by L. I. Dorman f5 13. 
particles of sufficiently high energy (cp 
diffusion will be  isotropic. 
outburst amplitude on the position of chromospheric f lare  on the 
Sun shmld not be observed for such particles. 
hand, diffusion of low-energy particles ( c p  U Z e H 0 A )  will  
onlybe along the field and the diffhsion transverse.to the field 
will practically be absent, i. e,  
mation can be considered a s  a one-dimensional problem. 

It was  shown that for 
ZeHo A ), the 

The significant depen 

Q the other 

th& problem to a first approxi- 

If cpmZeHo A , the diffusion will mainly be along the 
field but diffusion transverse to the field should also taken 
into consideration. The critical case cpcr= ZeHo A i s 4  great 
interest. A study of large and s d l f l a r e s  of cosmic rays  
shows that cpcr changes fr an event to event in extremely wide 
limits depending on the state af the interplanetary medium but 
the most probable value is apparently of the order of a few Gev. 
To be certain, if we assume Cpcr N 3 Gev for protons and 
considering thatfor such energies h ~ 1 0 1 ~  cm, it i s  possible 
to estimate the intensity of the regular component of the 
interplanetary magnetic field Ho& loo5 gauss which is  in 
agreement with the results of direct measurements by space 
rockets (see,  for example, the work of Coleman [Z 03). 

14.3 Possibility of the existence of magnetic boundary of 
the diffusion region. As s h m n  insection 10, intensity of solar 
cosmic rays in some cases  decreases according to an exponen- 
tial law. This fact can be related to the presence of a boundary 
of diffusion region a t  a distance rg from the Sun. 
the problem of propagation of solar particles in a limited 
spherically symmetrical medium 0 &r Q ro is solved at the 
follow hg initial and boundary conditlons : n( r, 0) = no and 
4r0, t) = 0. Solution of such a p r e l e m  has the form 

h this case, 
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where S is the value of diffusion coefficient averaged along 
whole of the diffusion volume and @ = const a t  r .rcI ro and 3 G 4 @  
at  r 
of the terms with j 7 1 to the sum of 8er ies (14.219 i s 5  1 %. 
Therefore, they can be neglected : 

ror It can be shown that a t  t 3  r$/JT2s , contribution 

[-?I* aw n(r, f)=- sin - exp 
av f0 

(14.22) 

It is  not difficult to show that the solutions 114.7) and 
(14.22) coincide with an accuracy up to the constant factor 
right up to  the time determined by the relation t s\zr20/10*. 
Starting f rom this time the concentration must decrease accord- 
ing to the exponential law nNexp(-t/To) where the time constant 
of attenuation 

(14.23) 

If (14.22) i s  represented in the form of dependence of 
In n on t, angle of inclination of the obtained straight lilse 
will be defined by the parameter To simultaneously related to 
two unknown parameter s 38 and ro. 
if ro> r g  , during observations on the Earth's orbit, it is 
possible to use the solut-ion (14.7) up to the time till the crest  
of diffusion "wave" attains a distance of ro. Thus, by fixing 
the maximum outburst near the Earth and by determining the 
value d 3& f rom (14. 8 ) ,  it is possible to get the value of To 
f r o m (  14.23) by putting It = const right up to r-Lro. As will  be 
shown in Section 14.4, diffusion coefficient depends on the 
rigidity of particles. Therefore, if * is obtained by averaging 
along a wide interval of energies, the value of ro  in the case of 
exponential decrease wi l l  carrespond to some effective boundary. 
It follows from this that To = To (R) and the a values of To and 
ro must decrease with an increase in rigidity, 

It should be mentioned that 

The exponential decrease was for  the f i r s t  t ime observed 
in the measurements of Anderson e t  al. [In.90] for May 4, 
196Oflare. Afterwards, a similar effect was  observed in a 
number of other cases. Most of the experimental data on this 
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prob_fem are summed up in Table 14,l.  
this Table should be analyzed by considering the conditions under 
which one or the other outburst was observed. For example, 
f rom the data on 1st autburst on November 12, 1960, the un- 
ambiguous conclusion should not be drawn that To increases 
with an increase in R since the electromagnetic situation in 
the interplanetary space during this pex=iod was extremely com- 
pl ica ted . 

obviously, the data of 

The dependence To ( 1 can be studied only f ~ r  a specific 
f lare  with the help of data on particles of different energies, IS; 
is obvious from Table 14.1 that September 28, 1961 [l,23] and 
February 5, 1965 [III. 1021 flares are most suitable for  this 

logarithmic scale in Fig. 14.2. 5+-0,5 

i n  the rigidity range  of 0 .6  - 1 . 2  Gv. 
hrs ,  calculated by us for  January 28, 1967 f lare  lies well& 
the obtained straight line. 
Heristchi e t  al. [In. 1071 for the July 7 ,  1966 f lare ,  i t  is 
poss iblie to get  the value To = 4-5 h r s  which is close to  the value 
of To for September 28. 1961 flare at R 7 1.2 Gv. 

purpose. Dependence To (R) for these flares is s i n '  
It is seen that To 

The value To = 6.5 t 0-5 
I 
i From the measurement data of 

To. h F 6  

I 

R, Gv 
9I az 43 4.5 bf 

Fig. 14.2 .  Attenuation time c o ~ § t ~ ~ t  cts a fimtion of r 
the flares of September 28, 1961, February 6, 1965 and J~~~~ 
28, 1967.. 

The situation gets complicathd at very low rigidities 
As is obvious f rom Table 14. 1 and Fig. 14.2, time variation of 
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protons with R = 0.18-0.20 Gv significantly differs f rom that of 
protons having R > 0.25 Gv. It can be explained by assuming 
that the source has a spectrum with variable y or that the 
propagation of particles differs f rom simple diffusion (for  

depends on R). 

Had the radius of diffusion region been independent of 
the rigidity of particles (had ro  been the boundary fixed in space), 
the character istic attenuation constant To, according to ( 14.23 1, 
would have been defined only by the diffusion coefficient. The 
relation T6-W 
relativistic reg ion at const. At relativistic energies, the 
relation should be TO 
the results of Section 14.4, we again get T o w  R-1. The fact, 
that this relation does not conform to experimental data given in 
Fig.  14.2, can testify to the presence of the dependence ro (R)  
which is defined by the structure of interplanetary magnetic field 
at large distances f rom the Sun. 
is valid in a wide range of rigidities, on the basis af the above- 
mentioned facts we get rOm R( -0.5- 1). 
these rough estimates that the radius of diffusion region at 
medium and high rigidities will hardly depend on the r igidlty of 
particles. If it is assumed that roeexp  ( - R / R o ) ,  we g,& R - 1  
G v  f rom the data on September 28, 1961 f lare .  

Some examples of diffusion in a finite uniform medium 

- R-1 would have been fulfilled in the non- 

1 f r a m  where, taking into account 

If the relation TOCVR2. 540.5 

Thus, i t  follows f rom 

b v e  been studied i.n [l .  611. Diffusion through a thick spherical 
shell a t  large values of t essentially leads to the same result  
as in the case of a limited sphere ra. 
exponential decrease of intensity which was observed at the 
final stage of the February 28, 1956 flare h1.41 can serve as a n  
argument in the favor of such a model. The problem of diffusion 
f rom a finite volume in the thick Spherical shell, in the beginning 
filled with solar particles, should be considered in the presence 
of magnetic field mainly having radial direction inside the 
Earth's orbit. E the Earth is included in the injection cone, the 
transition from power decrease to exponential decrease will be 
defined by the relative dimensions of the cone and of the 
diffusion region. 
shell a t  a distance from the base of the injection cone and 
especially, when the particles a r e  emitted f rom a flara on the 
back side of the Sun, is of great interest. k.1 this case, the 

The tendency t o a n  

The case, when the Earth is situated in the 
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power decrease according to the law ~ t - 3 1 2  can be  observed 
a long interval of time only near the emission point (near &e 
base of the injection cone). 

according to the exponential law while the maximum int 
wing  to prolonged diffusion of particles around the Sun and exit 
f rom the shell, will not be more than 1 % of the maximum inten- 
sity of particles generated on the visible side of the Sun. 

The intensity at  the Earth, almost 
immediately after attaining the maximum value , should Be 

Equation of one-dimensional diffusion in a limited layer 
of thickness xo and having an absorbing boundary i s  studied in 
the work of G.F. Krymskii [53]. The comparison of the obtain- 
ed solution with the experimental data on February 23, 1956 
and May 4, 1960 f lares  favors the assumption that the region Qf 
diffusion Q€ solar cosmic rays was limited during these flares, 
According to the estimates [53], dimensions of diffusion region 
a r e  x o S  0.7 a.u. and xo G 3 . 0  a.u. respectively for  the flares 
af May 4 ,  1960 and February 23, 1965. According to L. I. 
Dorman and G. I. Freidman [54], analysis of spreading of the 
effect of February 23, 1965 f lare  on the Ear th  shows that the 
intensity of solar cosmic rays is almost isotropic during the 
attenuation period. Therefore, it can be considered that the 
diffusion region during this period actually extended befrond the 
Earth's orbit. According to the data of McCracken [4], the 
observed anisotropy of the beam of solar cosmic rays on May 4, 
196 0 proves the fact that the diffusion reg ion was mainly situated 
in the Earth's orbit. The results obtained in [53] agree with 
the views about the radial nature of the interplanetary magne 
field twisted by the rotation of the Sun. 

from 
time 

Constancy in the form of spectrum of solar particles 
. February 23, 1956 f lare  (see Section 2 )  with the passage of 
(within the limits of experimental e r ro r s )  can serve as an 

additional argument in favor of the assumption that the diffusion 
region is limited. 
be observed only when *is independent of rigidity or  under the 
condition that ro = const. 

It should be mentioned that such an effect can 

The problem of the existence of a magnetic limit of diffus- 
ion region also attracts eke 'attention of research workers owing 
to the difficulties of the general theary of modulation of cosmic 
rays in the solar system (for example, see the works of Sekido 
and Murakami 1553 and of Davis [56]): 
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The problem regarding the limit of diffusion regian is 
considered in a slightly different aspect by McCracken [4] who 
puts forward the assumption about the existence, in the inter- 
planetary field, of a clearly-defined magnetic bar r ie r  at ro = 
2.5 a,u. which reflects the solar particles. This assumption 
was necessary for explaining the 30-minute delay in the beginning 
of the effect f rom November 15, 1960 f lare  for stations situated 
on the nocturnal side of the Earth during this period as compared 
to the stations situated on the diurnal _side. 
way, it was possible to explain the rate of subsequent outburst at 
stations on the nocturnal side of rth. McCracken's assum- 
ption [4] essentially eliminates 5 
mechanisms of magnetic reflection in these models extend to 
large volumes in space (roe- 5 a.u. [47]) and it will make the 
appearance of a sharply defined impulse of the outburst of 
intens ity of solar par t icbs  on the nocturnal side of the Earth 
impossible. 

of Warwick 1571 because of the fact  that solar cosmic rays f rom 
chromospheric f lares  on the invisible side of the Sun a r e  not 
observed if the November 20, 1960 event is not taken into 
account. According to Carmichael and Steljes [58], a srqall 
( 4 10%) increase in the intensity of cosmic rays was r e  
by different ground stations on this day in the absence of 
of class > 1 on the visible side of the solar disk. 
to observations of Hansen [111.85] on large eruptive protuberan- 
ces, the only canvincing cause of the observed increase can be 
the flare in the active region with the longitude 1 2 O  to the west 
of the central meridian, i. e., 300from the edge of the disk. 

region remains fa r  f rom being clear. The fact  that r o  depends 
on the rigiddty of particles, apparently points out the change in 
the scattering properties of the interplanetary magnetic fields 
on increasing the distance from the Sun. Therefore, it  i s  very 
important to study the dependence TdR) in different rigidity 
ranges (from the data on ground, stratospheric and satellite 
me asn reme nts ). 

Moreover, in this 

n's model [47] since the 

The existence of magnetic boundary i s  doubted in the work 

According 

Thus, the problem of magnetic boundary of diffusion 

Regular observations on comets (see the review of S.K. 
Vsekhvyatskii [59]) can apparently give valuable information on 
the structure of field at distances & 10 a. u. f rom the Sun. 
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6 imp%.c prac :ice1 mE?thod of 
k). A s  a Elatter 01 fact, 

values 02 a1 along whole of the energy spectrum af solar cosmic 
B and comparing .&he results with t he  experimentaP values of 

Earth;hs orbit, it i s  possible to draw specific con- 
ai .  Such calculations were done 
osfnnichenko [ b o ]  (also see V , K ,  

Budilov E L  al, i61]f fo r  values 
of 
mnentioaedt facts f o  

a1 from 0-1 to 1, 0 and values 
F "I< Pr.om 1 MeV eo 2 0  Gev.  om ( 14 ~ 8 )  and fr om the above- 

e obvious relation 

5 , 5  x 1021 cm2 sec-1, 
akhck 'p.n 162 

Char akhch 'y 

str a to s phe P" ic data 
0.5 Gev, and 

data of ground measureme 
on February 23 195 6 and y 4 ,  1960) Tor protons with 
5,O Gevo i t  is possib e v  

s during large f4. 

responds to such 
the relativistic express'non ( 7 - 7 )  i s  used for the 

velocity of particle, we get 

ccording to  (7,7), v 

e dependence of transport range on 

of particles v- 
and v =: c =  eonst at which leads 

k a l m o e 5  at E k C (  fo and A ($k) pv 

obvious from Fig.  14.3 &here the results of cal- 
f r o m  (14.25) are given in the logarithmic-scale; 
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moreover, the energy scale has been replaced by scale  of rigi- 
dities R and the conversion factor (1Gv) e 1 has been used 

treme points, 
has minimum at 
limits the range 

below since existence of minimum in  the curve 
usually adopted depen- 
rnus t increase or a t  least 

significantly starting f rom the energies of the order of a few 
hundred MeV. 

Fig. 14.3. Dependence of transport rmge on ~~~i~~ of pa 
values of 0. 

Let US compare the results with the aseumpti 
A.N.  Qlarakhch'yan et al. E631 about the dependence of 
rigidityR : 

where a = 0.5. F r o m  (14.26) ,we get 
This result is in accordance with the 
follows from (14.25) at a1 = 0 .7 .  
f rom(  14.25) we getf\-tiko-7while f r o m (  14. 110~s  that . 
!*Ekoe5 on considering that the rigidity at  

Ia the relativistic r eg ion ,  

is defined 
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is the total energy of a 
particle. On transition from pen denc e 
by considering (14.26) we get 0.75 and 
relativistic and relativistic regions ctively. Thus, a t  

in [60]  and &63] which, of course i s  not significant due to POW 
accuracy of determining a anda l .  

o, there is some difference en the results given 

The experimental data, obtained b y  Bryant et al. [1.23) 
for the September 28, 1961 f la re ,  made i t  possible to correct  the 
values of a1 and to detail the dependence 
energy ranges .  The details were worked Out by L. 1. Dorman ant 
L.I. Miroshnichenko i n  [64] and t m a o  3t and A were evaluated 
on the basis of the data f1.231 at different energies of solar 
par t icbs  in the range 
data of "Explorer-12" 11,233 are of exceptional interest since 
the satellite a t  the time of flare was situated a t  a distance of 
about 80,000 k m  f rom the center of the Earth (beyond the limits 
of magnetosphere ) which facilitated measurement of differential 
spectrum of protons with 
the chromosopheric flare. 

( E k )  i n  different 

= 10-5 OQ Mey. As already mentioned, 

&k 3 2 Mev for  nearly 2 days after 

A f lare  of class 3 or  3+, recorded,in particular, by 
Moreton 1651, occurred on Septe,mber 28, 1961 in the active 
region of the Sun with coordinates of 15ON and 29OE. 
commenced at 2202 UT and attained maximum brightness in Ha- 
line at 2234 UT on September 28, 1961 and finished at 0130 U T  
on September 2 9, 196 1. 
sphere were situated on the noturnal side of the Ear th  
during this period. According to the observations of Anderson 
and WincMer [66], the chromospheric flare was accompanied 
by X-ray radiation. which started a t  2207 U T  and attained maxi- 
m u m a t  2217 UT. At the same time, radio emission of 11, m 
and IV types was observed by Maxwell [67] but the main radio 
outburst was recorded 22 mknuies before the X-ray flare. 
Jean and Crary [68] also obsgrved a change in the phase of law- 
frequency signals reflected from the ionosphere especially 
over Uruguay a t  2217 U T  i. e. , a t  the time of maximumX-ray 
radiation. 
spheric flare.  According to data [l. 231, a large magnetic 
storm convnenced a t  2108 U T  on September 31, 1961 (with 
sudden commencement) which wab accompanied by Forbush de- 

The flare 

Observatories of the ea8 tern hemi- 

The magnetic field was quiet during the chromo- 
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crease in the intensity of cosmic rays on the Earth 's  surface. 
e Forbush effect was studied by Pate1 and Cahiill [69] and 

so observed on satellite "Explorer- 12" by Bryant et al. 

The chromospheric flare was accompanied by generation 
o h r  cosmic r a y s  which Were recorded by Bryant a t  el. 
231 ozl "Explorer-12" and by Van Allen and Whelpley [70] on 

Curves of time variation of the intensity of solar protons 
the Earth's orbit, for different values of kinetic energy, a re  
tted in Fig. 14.4 on the basis of data [ 1.231 and i t  was assum. 
that the particles were emitted a t  the time of commencement 

1 

Fig. 14.4. Time variation of solar protons of dgferent energy from Se tern - 
ber 28, 1961 flare. Calculated dgfusion cumre for  X = 1 J1 
cm2/sec is shown by dotted linesd 
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of the flare Olf X-rays (i.e. , a t  2207 UT or 5 minutes after the 
commencement of chromospheric flare). 
obtained f rom (14.7) in arbitrary units a t  10 21 cm2 sec-1 
is also given for comparison. 
6, = 10 and 30 Mev, the intensity after maximum, decreases 
approximately according to the law - t - 3 m  in accordance 
with ( 14 ~ 7) while the intensity of par titles W ith 
a t  large values of time has a tendency to decrease rapidly 
(approximately according to the law to C2*5) .  On the basis 
of Fig. 14.4 and formula (14. 71, values of t-, 3e and A . 
were determined in 1643 for  protons in the energy range of 
10-500 Mev. 

The calculated curve 

E t  is seen that for particles with 

bk 3 100 Mev 

Curves of the dependence of tmax, and A on the 
4.5. For  parti- 

lies within the limits (1. 2-6.0) x 
sting to mention that the value of 

kinetic energy of protons a r e  shown in Fig 
cles with = 10-5 00 tmax changes from 3 16 x 104, 
sec to 6 .3  x lo3 sec whi 
1021 cmZ.sec-1. ~[a: is i 
diffusion coefficient for  particles with F k = 5 0 0  Mev ( 
10 21 crnZ*sec-l) i s  exactly equal to the value obtained by A.N. 
Qlarakhch’yan and T.N. Charakhch yan 1621 f rom the starato- 
spheric data on May 4 and September 3 ,  1960 flares. 

h .cm 

Fig. 14.5. Dependenc.e of time of maximum, diffusion coefficient and trans- 
povt range on the energy of purticles for  September 28, 1961 flu$ 
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If the dependence of diffusion coefficient on energy is 
approximated by the expression -e:%, f rom Fig. 14.5, we 

the energy range of 10-600 Mev. As shown 
cannot be less. than 0.5 in the framework o 

elementary diffusion model. According to Fig. 14.3, the 
transport range at O(&= 0.5 should practically remain constant 
in the energy range under co eration. This conclusion is 
confirmed by the graph of A ( in the upper pa r t  of Fig. 14.5 
where the value of I\ change hin the limits ( 6 4 )  x 10 I f  crn. 
A similar result  was obtained in the work of Bryant et al. 
[I. 541 in whfch th 
planetary space 
evaluated. This its was found to be 
practically cons 
where it follows 
was determined 
A similar depen 
fo r  the flares of November 10, 1961 (in the energy ranges of 
1.4-22 Mev and 55-500 MeV) and October 23, 1962 (4-330 Mev). 
Indications on constancy of 
also obtained by A. N. Charakhchnyan and T. N. CharakhchOyan 
[71] for  the flares of September 3, 1960, November 15, 1960 and 
January 28, 1967 by cornpasing the time variation of solar 
protons in stratosphere over Murmansk and Churchill (neutron 
supermonitor). These results, summed up in Table 14.2, make 

e covered 'by particles in the inter- 
aining maximum intensity was 

energy range of 1.4-5 00 Mev f rom 
ns t  while the diffusion coefficient 
the velocity of particles: 
also observed by the auth 

10  

in the range -40-50 Mev were 

TABLE 14.2 
at nonrelativistic energies 

- 
Date of flare Energy A / l o l l ,  .cm Refer enc e s 

range, Mev 

Sept. 3, 1960 
Nov. 15, 1960 
Sept. 28, 1961 
Sept. 28, 1961 
Nov. 10, 1961 
Nov: 10, 1961 
Oct. 23, 1962 
Jan. 28, 1967 

4 0  - 500 4 
40 - 500 7.1 - 7.6 
1.4 - 500 6 

1.4 - 22 9 

4 - 330 9 

10 - 500 6 - 8  

55 - 500 8.25 

40 - 500 7.3 - 7.4 

r7 11 
~7 11 

16 41 
[I 541 

c7 11 

[I. 541 

[I. 541 
[I. 541 
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it possible to confirm that dependence*( Ek) ,in the nonrelati- 
vistic region is, in general, satisfactorily described by the 
power function% - bkp. 5 ,  i. e. , * - 
and Winckler [III. 881 f rom the data of stratospheric measure- 
ments at  high latitudes Ld July 1961 ( 2 . 2 ~ 1  021 cm2. sec" and 
3 . 4 ~ 1  021 cm2. sec" for the flares of July 18 and 20 respectively), 
obviously, do not contradict the results. of L. I. Dorman and L. I. 
Miroshnichenko [64], because the stratospheric measurements 
in July 1961 were taken almost in the same energy range a s  on 
"Explorer-12R and therefore, the values of %should almost be 
the same (if the conditions in the interplanetary medium were 
approximately the same for these events). 

- R at A= const? 

The values of diffusion coefficient, obtained by Hofmann 

It should be pointed out that the above-mentioned estimates 
of %and A are  applicable only to protons and to the case of 
uniform distribution of scattering centers in the solar system. 
Consideration of irregularities in the distribution of magnetic 
clouds and their movement in the interplanetary space leads to 
&e dependence of 3e and h on the distance f rom the Sun and to 
the dependence of the time of maximum intensity on the velocity 
sf magnetic irregularities (see Sections 14.6 and 14.9). 

The method based on the application of formula (14.24) 
contains the possibility, in principle, of differentiating the 
beams of solar protons and heavier nuclei owing to low ra te  
of motion af nuclei with L74 in the interplanetary magnetic field 
(it is about double in the nonrelativistic region; as  compared to 
protons of same rigidity. 

In connection with the question under consideration, it 
is necessary to mention two interesting results referring to 
the dependence of ')cc€)in the case when diffusion takes place 
in the electromagnetic medium of the solar corpuscular beam. 
While studying the diffusion of galactic cosmic rays in the 
turbulent magnetizing cloud (corpuscular beam), Kitamur /72] 
found the dependence 3e - & O. 2 for  particles of velocity V-C f r o m  

Physical sense of A is not at all obvious but the condition A = const points . 
out the apgroxirnate constancy of properties of the interplanetary magnetic 
f i e M .  
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where it follows that the transport range for diffusion is A N  Roo 2. 
This result is difficult to explain within the framework of the 
elementary diffusion model since, as it follow from (13.81, the 
dependence A (R) a t  On the 
other hand, for  nonrelativistic solar particles propagating in the 
corpuscular beams (for example, on April 1, 196 0; November 
15, 1960 and on July 18, 1961), A.N.Charakhch'yan and T.N. 

Charakhch'yan [III. 23 found that %-*from where it follows that 

of L.I. Dorman and L. I. Miroshntchenko E641 for  f i  (E&) 
from the data on September 28, 1961 flare with the only 
difference that the resu l t s  [64] refer to steady interplanetary 
medium. Thus, there is no basic difference between the 
diffusion of nonrelativistic particles in the quiet medium and 
theiz motion in the corpuscular beam. 

- C should be of-the form A N R 2 .  

= const. The las t  result does not contradict the estimates 

Important results on the dependence A ( R )  were obtained 
by Yu. I. Stozhkov and T.N. Charakhch'yan [?3] f rom the results 
of the-study of the spectrum of 11-year variations of galactic 
cosmic rays on the basis of the data of stratospheric measure- 
rnents. Assuming A - R (for protons with R )1 Gv), it was 
shown that d 3 0.5 during 1959-63,hZl.  0 in the f i r s t  kalf of 
1964 and f iz 0 in 1965. 

a 

The dependence A ( E, ) was a lso  studied by Krimigis 
[28] on the basis of the data on September 28, 1961 flare. 
was shown that A s s  1012 c m  = const for  energies f rom 500 Mev 
up to a few tens of Mev and that it quickly increases on decreas- 
ing the energy (Fig. 14.6). 
results of all the works discussed above. 
in I281 can be obtained only if the Larmorov radius is taken 
a s  the dimension of irregularity. However, transfer together 
with the moving irregularity becomes significant for particles 
having such a value of f . 

It 

This increase contradicts the 
The effect mentioned 

According to  the estimate of A. I. Kuz'min and G. F. 
Krymskii [74], who considered the dependence A (R) * RA 
on the basis of the data on February 23, 1956 flare, value 
of d lies in the range 1.8-2.4. Such a value of vt does not 
contradict the assumption about scattering of solar particles 
on magnetic irregularities of dimensions LCL.?. In this case, 
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&,, Mev 

Fig. 14.6.  Dependewe A f ) according to (281. 
in accordance with the formula-( 13.8), = 2. However, it 
should be mentioned that the specfrum 
protons in the form R-3m 4, obtained by Pfotzer [I. 451, was 
used in [74] a s  the spectrum of the source. 
Section 14.7 that the spectrum of source for t 

e r  and the depende 
R1* O. The value 

direct beam of solar 

It. will be shown in 

the February 23, 1956 flare in the %ark of A, 
and T. N. Charakhch' yan [? 11. 

Thus, all the available experimental data on the depen- 
dence A (R) apparently satisfy the relation 
0 s.Dp SI. 

- R a  where 

Let us consider one more significant aspect. Calculations 
of L. I. Dorman [I. 21, L. I. Dorman and Yu, G. Nosov [l?] and 
of Parker  [19] show that scattering at  magnetic irregularities 
must lead to a strong dependence of A on the rigidity of particles 
R, FOT example, i f  it is assumed that there is a group of 

ties in the. interplanetary space with dimensions ranging 
will be defined by the expression (13.8). If 

the irregular field has the fo rm Hs = const in a circle of radius 
r (plane problem), scattering of particles of relativistic a s  well 
a s  nonrelativistic energies will be described by the range 
R2/Hs. In case Hs ry r-3 (dipole field), we get the dependence 
A w Roo 5/Hs [17]. Exponential dependence of scattering on 



L.I .  DORMAN AND L.I.  MIROSHNICHENKO 

rigidity, detected by Parker  [19 ] ,  follows from the assumption 
of exponential form of the irregular field. If it is assumed that 
the irregular field decreases according to the law PY r-3, 
curve of the dependence of scattering amplitude on rigidity will 
be broader than the exponential curve. Moreover, analysis 
of measurement data on interplanetary magnetic field shows 
[ZO] that the magnetic irregularities a r e  very diverse in 
dimensions. 
1441 that the wide spectrum of irregularities in terms of 
dimensions together with the wide curves of the dependence of 
scattering amplitude on R can lead to absolute I1smearingt1 of 
every dependence of h on R ,  at  least in the region of energies 
measured on satellites ( lo6 - iO%w ) , is not baseless. 

Therefore, the assump5on of Fibich and Abraham 

Taking into consideration constancy of A in the range 
ek = 10-500 MeV, it is possible to determ'ine the Jimension 
of magnetic irregularities, distance d between them and the 
intensity Hs of the field, 
the mean free path of particles before colliding with the 
irregularities is equal to the transport range for diffusion 
which in this case does not depend on R. 
put A = 7x1Ol1 cm and consider diffusiam of protons with ek = 
500 Mev. Considering that the relations 
are valid at l - d c d ,  we get the intensity 
Hi > 5 ~ 1 0 ' ~  gauss. If e = d, it is obviou 
Actually, if the condition f (500) .( e is satisfied, constancy of 
will be disturbed at  E , >  500 Mev for which P ( &*),e ~ 

given i n  [48] refer  to the range 
it is impossible to observe the above-mentioned effect for 
September 28, 1961 flare. Therefore, the lower limit of the I 

intensity of field at  irregularities Hs" 5x1 Om6 gauss. 

A s  shown in Section 13,3, at 8& 1 

Let us, for example, 

E,  = 10-500 Mev and therefore, 

There is another approach to the problem of irregularities 
of magnetic field in the interplanetary space. On the basis of 
measurements taken with the help of "Mariner -2" [III. 11 81, it 
i s  apparently possible to assume that Hs = - 10-4 gauss. 
If it <s so, the assumption that d=d should be immediately 
eliminated since in this case H s  = 5 ~ 1 0 ' ~  gauss. The only 
possible case is when$&d.At Hs = - gauss, we 
get l ~ f ( 5 0 0 ) ~ 4 ~ 1 0 ~ ~ -  4xlO"cm. 
with % = 100 Mev i s  used, the above -mentioned values change by 

If the value of P for psotons 
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11 cm. It follows from the about two times:,&f( 100) .v2x1010- 2x1 0 
assumptions made while deriving (13.1) and by considering the 
constancy of A in the range 8, = 10-500 Mev that the average 
distance between irregularities dM( A e ) 
h = 7 ~ 1 O ' ~ c m  and k = 4 ~ 1 0 ~ ~ -  4 ~ 1 O ~ ~ c m .  
intensity of irregular field Hs = 

a 1  (2-5)xl O1 cm at 
Thus, i f  the 
gauss, the condition 

~k d ) is fulfilled satisfactorily. 

The results thus obtained open interesting possibilities 
for interpretation. 
dependence of A on rigidity of particles with energies up to  
5OO:Mev means that there a r e  irregularities with some minimum 

the interplanetary space, Secondly, constancy of A 
and large distances between irregularities satisfy the assumption 
that the irregularities have very abrupt boundary (otherwise, 

particles of low rigidity would have st'arteh "feeling" the 
d of irregularities ear l ier  and would have led to significant 
endence of A on R). 
othesis of E. I, Mogilevskii [12] about the existence of plasma 

Firstly, in accordance with (1  3. 8), non- 

Such a conclusion contradicts the 

clouds in the interplanetary space whose magnetic field has 
foreeless structure and can be represented by dipole field 
(€3-rm3) a t  l a r g e  distances from the center of the cloud, 
Actually, in this case - ~ 0 . 5  const [ I?]  for particI3e of any 
energy, As mentione in Section 13.3, scattering 6f particles by 

Results obtained in 
this Section can point out that the irregular f ieid-changes with 
distance according to the 1aw-w rmn. where n 7 3 * .  

elds Hs -,.. r - R  is possible only at  n7l. 

Similar results on the dependence E\ ( ) for the same 
energy range were obtained by Krimigis [ 2 8 ]  f rom the data given 
in[I. 231. In-particular, dimension of irregularity with afield of 
about 4 Y =  4 x l o5  gauss was found to be equd .to 3#= 9.10 10 cm, 
If it is considered that the value e,= 4xlO"cr~ was obtained in ' 

[64] for the field HS 
values of a, can be observed, 

-- 

10-4 gauss = 10 I f ,  conformity in the 

A very interesting investigation on the relation between 

It should be mentioned that the relation between A and parameters of the 
interplanetary field is not siagwlar since the mechunism of scattering of 
particles as well as configuration of the f i e l d  are not known properly. 

the phase of solar cycle and scattering properties of the 
- 

- _  
' * 
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irregularities of the interplanetary field was conducted by 
McCracken and Rao 1751. 
upon the assumption of Parker  [76] and Axford [77] - -  that the cosmic _ -  . 
particles far which 944e will rotate along-with the Sun. 
width 0-f sectors with an arc  of about 90° in the ecliptic plane at 
the Earth's orbit is taken a s  the value of 4 [In. 1351,- i, e. 
1.54 a. u. , rotation will b e  observed for partieles with R 4 1 SO Gv, 
It must lead to anisotropy of cosmic-rays at the Earth's orbit. 
According to the analysis [75] fo r  the period 1957 -65, the 
observed average solar day anisotropy of cosmic particles with 
rigidities of 1 -1 00 Gv is in agreement with the above -mentioned 
theory of joint rotation. 
practically remains constant during this period, the authors 
[75] arr ive at the conclusion that frequency of appearance and 
characteristics of magneOic irregularities with dimensions of 
10-3 to 10-1 a. U. at a distance ob 1 a. U. from the Sun 
approximately do not depend on the phase of solar cycle. 
the results of McCracken and Rao [75] impose certain 
limitations Qn the mechanisms suggested for explaining the 
tuqbulent nature of solar plasma. 

The authors 1751 based their studies 

If the 

4 & 

Basing on the fact that anisotropy 

. 

Thus, 

Information on irregularities of plasma and fierd of 
dimensions less  than a.u. can be obtained from,#ie 
observations on scintillation of cosmic radio sources. 
basis of observations on scattering of cosmic radio emission 
near the Sun, V.V. Vitkevich 178, 791 observed a scattering 
region near the Sun consisting of irregularities of magnetic 
field. According to V. V. Vitkevich and B, Ne Panovkin [ SO], 
electron irregularities, observqd during eclipse. of the Crab 
nebula by supercorona of the Sun, mainly extend in the radial 
direction. According to the data of Erickson [Sl], this effect 
was observed right up to distances of 0.2 a, u. from the Sun. 

On the 

One of the last results, on the observation of scintillation 
The observations of radio sources was obtained by Hewish [82 ] .  

were made with the help of three radiotelescopes situated a t  a 
distance of 50-90 km from each other. 
variations of plasma density have characteristic dimension 
of 300 -400 k m  at a distance of 0.8 a. u. f rom the Sun. 
motion of diffraction pattern shows that the irregularities are 
taken away from the Sun at a velocity of 200-400 km/sec. 

It was shown that the 

Drifting 
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According to [MI, solar cosmic rays, apparently 
generated by two class 3+ chromospheric flares (at 2351 UT on 
September 20 and at 0710 UT on September 26, 1963 respectively) 
in the region with heliocoordinates 1 1°N and 9OW, were recorded 
in stratosphere over Murmansk and simultaneously over Mirny 
(Antarctica) on September 21 and 26, 1963. Differential energy 
spectra of protons for these flares were practically the same 
and the index in the energy range of 120-200 Mev was approxi- 
mately equal to 4.6, i. e. , it hardly differs from that measured 
by A. N. Charakhch'yan and T, N, Charakhch'yan [III. 941 
during the July 12, 1961 flare. It should be mentioned that a t  
proton energies 6k 4 1  00 Mev for September 2 1, 1963 flare, the 
index of spectrum, according to the data of Pfotzer et al. [86] 
is close to %=3. 0. 

of the period September 21 -26, 1963. Although the data obtained 
by A. N. Charakhch'yan [84] a r e  very scanty, a comparison,with 
other flares shows that the value o f x i n  September 1963 was 
more than the values obtained ear l ier  in the same energy 
range. 
with a decrease in solar activity was obseyved. 

a r e  shown in Fig. 14. '7 for the following flares: May 4,' lgb0 
from the measurement data of A.'N. Charakhch'yan et al. [613] 
for protons with &,7100 Mev (curve 1); July 20, 1961 from the 
data of HOfmaM and Winckler [III. 881 over Churchill for the 
same energies (curve 2); October 23, 1962 from the measure- 
ment data of Bryant et al. [I. 541 on "Explorer-14" for protons 
with 
data of A. N. Charakhch'yan et al. [84] (curve 4). Time from 
the commencement of chromospheric flare is taken along the 
abscissa and intensity in  arbitrary units, along the ordinate. 
The data were processed in such a way that the number of 
particles at the maximum of each flare was the same. 
a r e  two measurements for the September 26, 1963 flare -- one 
measurement was taken 0.8 hours after the chromospheric flare 
and the second, after 9 hours (squares in Fig. 14.7). The first 
point for  t = 0.8 hours on September 26, 1963 flare coincides 
with curve 1 along the ordinate. Position of the experimental 
point for  t = 9 hours which lies considerably below the ordinates 
of curve 1-3 is determined by this- standardization. 
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Low degree of solar activity is a significant peculiarity 

- 
The specific tendenc-y of diffusion coefficient to incfease 

Time dependences of the number of primary protpris 

= 130 Mev (curve 3); September 26, 1963 from the 
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~ 

. hrs 
Fig. 14.7 .  Time variation of solar protons for t& flares of May 4, 1960 

A rapid fall of time dependences for later flares after 

(1); July 20, 1961 (2); October 23, 1962 (3) and September 26, 1963 
(4) ' ml.  

' the maximum is obvious from Fig. 14.7 which can indicate an 
with a decrease In .the activity of the S~la.. Increase 
ent to a decrease in time scale t. Shlfting the 

rneqeurement data towards right' till they coincide with the 
dinate of curve 1, i. e., comparing them with the data on 
ay  4, 1960 flare, we find the increase of diffusion coefficients 

for 1961, 1962 and 1963 a s  compared to May 4, 1960 flare 
for which 2 4 ~ 5 . 5 ~ 1  021 cm2/sec [63]. Results of this procedure 
a r e  given in Table 14.3 in which total activity of the Sun is -- 

TABLE 14.3 ' 
Change in Isc with the cycle of solar activity _ _  I 

Date of f lare  , cm2/sec 5 

I May4,  1960 5 . 5  x 1021 26 6 

152 21 J d y  20, 1961 6.5 x 10 

October 23, ,196 2 8.0 x 94 

Septmber 26, 1963 - 1.5 x 68 
- 
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characterized b 
obserared durin 

ularities, average distance between th 
Id in them apparently depend on the di 

Therefore, L. I. Dorrnan [III. 1 II] assumed that the transport 
range for  diffusion will increase with the increase in r. 

relirninary estimates of the de 

1641 on the basis of the data on 

maxim rn is mainly defined 
W t ) - ” f i ,  The law describin 

from where 

ponds to the elementary diffusion model. 

It can be seen from Fig. 
intensity of particles with 
bed by the usual diffusion curve 
the limits of that interval of time 
a r e  available. Decrease in the i 
100 M e v  was quick 
within the limits 2 
experimental e r rors  at the end of the event), 
make it possible to draw the preliminary conclusion [64] that, 

is satisfacto 

ile the index of 
3 (this uncertainity was caused by large 

These ~ ~ $ u l t ~  
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for explaining the deviations from the law 4 t -312 it is not 
necessary to assume that there a r e  certain limitations on the 
diffusion region (see Section 14.3) but it is sufficient to assume I 

the presence of a comparatively weak dependence A (r) + r P  
where p = 2-3/s increaees from 0 to 1 on increasing the energy 
of particles from a few tens of- Mev to hundreds of MeV. 
should be pointed out that at &k& 30 MeV, the conclusion about 
nondependence of A on r 
absence of corresponding data at the gnal  stage of September 
28, 1961 flare. 

It 

(f3 = 0) is not very definite due to 

It is appropriate to mention that the other possible cause 
for the violation of lawy-t-3/2,  i. e. , additional convectional 
transfer of particles due to directed radial movement of magnet - 
i c  irregularities from the Sun, apparently does not-play a 

estimates of Le I. Dormqn and L, I. Miroshnichenko [ 8 7 ] ,  
this effect for particles of above -mentioned energies must 
appear at the Earth's orbit at  t >lo5 sec after solar flare. 
In this case, it was difficult to observe this effect since 
Forbush effect started at  t = 1 . 6 5 ~ 1 0 ~  sec after the flare. 

nificant role for the flare under reference. According to 

In view of the importance of "the problem of the r -  

(I), a number of resea'rch workers made attempts 
to analyze it from more general aspects than it was done 
in [ 641. 

_- 
Solution of generalized diffusion equation. Krimigis 1281 

made an attempt to par t idly generalize the isotropic diffusion 
model by basing upon following assumptions: a )  the particles 
diffuse owing to casual wandering in the medium from static 
scattering centers; b )  isotropic scattering; c )  particles neither 
gain nor lose energy in the process of scattering; d )  density of 
scattering centers decreases on increasing the radial distance 
r from the Sun but does not depend on the heliographic longitude 
and latitude. This type of model was for the first time studied 
by Parker [I. 611. 

In order to get a correct solution of differential equatlon, 
it is necessary to assume a definite dependence of diffusion 
coefficient on the coordinates. Follofiing Parker ,  let  us 
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assume that diffusion coefficie 
power law, i.e. , x=  * A ( & /  
meters not depending on r but possibly depending on the energy 
gf particles. 

epends on r according to a 
where p and% a r e  para-  

Then, the diffusion equation has the form. 

P 
Here M =*Ib& and r is a parameter defining the extent of 
diffusion process ( @' = 0 -- two dimensional diffusion; 0" = 1 -- 
one-dimensional diffusion; d = 2 - -  three- dimensional diffusion 
and ~r > 2  -- diffusion in a pipe-shaped region). 
the solution of this equation without any computations [I. 611. 
Considering that the detailed solution may be of some interest, 
l e t  us derive it with usual modifications as applicable to 
propagat ion of particles. 

Parker  obtained 

L e t  us write the expression (14.27) in the form 
- 

The boundary conditions lead to  the fact that a must be equal 
to zero at infinity. Let us put = Mt. Then 

or  after differentiating 

(14.2 

(14.30) 
We will search for the solution in the form 

n (r, 7)  = R (r) T @)* ( ~ ~ . 3 ~ ~  
Putting the parameters in (14.30) appropriately, we get 

Since each part of the equation is a function of only one variable,, 
it can be written a s  

where -k2 is  a constant. It directly follows from this that 
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Let us now consider the equation 

or 

.32) 

Solution of this equation is expressed in terms of modified 
functions of Bessel and satisfies e following relation: 

The complete solution is the superposition of functions 
(14.32) and (14.34): 

00 

or 
ca 

In order to express f(k) in terms of n (r, o), it i s  
possible to use the theorem of Fourier-Bessel transformation: 

(14.38) 
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After algebraic transformations ,we get 
a? 

If N particles-per unit solid angle are emitted at t = .O,  then 
n ( r ,  okan be written as 

Now, wehave 

X @ 

where definition of Bessells function has been used. 
Expanding &-e. f - d a  (14,4l),- we get 



ession that, when * 

o w  Pet US put (14.42) # 35 I! 

e- - 

Integral in this general form can be evluated as 

Consequently 

Putting M t  in place of 

- s 
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This is the required solution of equation (14.27). To  , 
verify if it gets a simpler form in special cases,  l e t  us put w =: 
= 2 (spherical geometry) and p = 0 (usual diffusion with constant 

1. Then (14.43) takes the form: 

It is simple to find the solution of diffusion equation wilth 
constant d iffus ion coefficient 
medium. 

in the expression for inf 

(14.43) to observation data, let  
here I is the directional intensity 

F o r  change-over 
us use the relation n =4 
and is the velocity of s. In this expression, it is 
unambiguously assumed that the intensie  is isotropic. 
equation (14.431, valid only for particles of a definite energy, 
takes the form 

The 

cTqFx2-u on t - 1  is 
If the graph of, the dependence of e*It 
now plotted, we get a set of straight lines corresponding to 
different values of the index s = (e+ 1)/(2-@). 
specific straight line is determined from the relation 

Inclination of a 
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(14.46) 

The point of hteresection of straight line with t-' axis a t  
t = Oe gives the value 

2 

(a 4- ui(2 -B) 
6- In (14.47) 

Differentiating (14.44) with respect to t and putting the 
derivative equal t a  zero, we get the time of maximum intensity: 

(14.48) 

These expressions give a complete description of 
variations of the intensity of solar particles as a function of 
time and space. 

Fig. 14.8, a represents a ser ies  of calculated curves 
showing variations of intensity 
distances from the Sun for the case when*= 2, p = 1. 
seen from (14.44) that the decrease daes not take place accord- 
ing to the exponential law although different sections of curves 
can be approximated by such a law during the periods whose 
duration is defined by the values r and *a. A s  is seen from 
Fig. 14.8 a, the decrease at  r = 3 or 4 a. u. takes place along 
the exponent in  the interval from 15 to  40 hours. If the graph 
of calculated intensity is plotted a s  a function of t on a 
logarithmic scale (Fig. 14.8, b), it can  be seen that, even 
after 50 hours of the commencement Qf event, the intensity at 
r = 1 a. u. ,  does not satisfy the asymptotic law of decrease 
which in this case has the form ~ t - ~ .  
Fig. 14.8 that the law of decrease of intensity depends on x8 
and r ,  as well a5 on the values o f v  and p. Moreover, it 
should be kept in view that *s and p 'can depend on the energy 
of particles. Thus, this comparatively simple model opens 
new possibilities of interpreting experimental data on flares 
of solar cosmic rays.  

(in arbitrary units) at ,different 
It is 

It is seen from 
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Fig. 14.8. ~ ~ t ~ ~ ~ i ~ y  of ~~~0~~~~~~~ 
from bhe S m  as a Efwar 

Dependence Of the intensity on %he p0sit:lon in  space 2.t 
= 2 and p = 1 for  ~~~~~~~~~ instants of time i 5  shown Hs 
*) 9.  It is seen that at t = 1 hr, distribution of part ick 

k at the origin while the intensity i s  almost constant 
s at Last up to distances of about% a. u, These 

curves can serve a ~ d i t ~ ~ n ~ ~  m e  
obtained by space obes at variou 

t ine  of outburst of hard X - r a y  radiation. 
X - r a y  outburst, the time of beginning of optical. Ehre can be 
taken as to, 

In the absence 

It should be mentioned that the e r r o r  of tbe order 

Y 
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Fig.  14.9 Dependence of the intensity of solar part i d e s  on the distance 

of 5 minutes in  selection of zero moment has an insigniffcant 
effect on the values of /3 and 'X 
of the data on I as a function of t. 

from the Sun at-diffemnt instants of time. 

determined from the a&lysis 

Graph of the dependence of &It 3/(2-P) on t-1,. 
drawn with the help of data [I. 231 on September 28, 1961 
f lare  for different values of p,  a r e  shown in F i g .  14. loa. It is 
seen that better approximation to straight line is achieved 
at p = 2/3. 
intensity of protons of energy Ep3r23 MeV have been used here. 
The value p = 1 is more suitable to protons of energy 8, f 118' 
150 Mev (Fig. 14.10, b). 

It should be mentioned that integral spectra of the 

similar graphs for protons of energy Ek'740 Mev for the 
flares of July 18, 1961 (on the basis of measured data from 
"Injun-1" [125]) and of July 18 and 20, 1961 (obtained by up from 
stratospheric data [IU. 881) are shown in Figs, 14.11 and 14.l.2 
respectively, 
15, 1963 flare on the basis of the data obtained by Frank 
[III. 951 with the help of the satellite "Explorer -14" (see 

Another case is shown in Fig. 14.13 for. April 

301 



L.I. DORMAN AND L.I. MIROSHNICHENKO . __-- 

September 20, I961 
Sep. 26, 1961 

Maximum inten 

Maximum tnten 

a b) t - ’  hrs-1 

a&. 14.10.  Graphs of the dependence of In It3e-p) on t-1 at different values 
&p 7 of $ for the September 28, 1961 flare: a) for.protons with 

23 MeV; b) for protons with Ep = 118-150 MeV. 
These data conform well to  the above -mentioned Section 10). 

model at p 4 1. 

It i s  seen from the study of these three flares that a 
satisfactory interpretation of data.is possible for close but 
slightly differing values of p. 
of p are apparently caused by the changes in the state of the 
interplanetary mediumand possibly by differences in the energy 
spectra of particles. 

These variations i n  the values 

Dependence of p and e. To explain this dependence 

It was 
Krimigis [28] used the data on September 28, 1961 flare 
[I. 231 for different values of the energy of protons. 
found that for different energy ranges, satisfactory conformity 
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F i g .  14.12. 
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t - ‘ ,  h r a - l  

Gaphs of the dependelace of lnItq@”@) an t’l at dvferent values 
o$ P for July 13, 1961 pZare on the basis of the 
measurements for protons with E* 7 40 MeV. 

t .  hrs 

t - l ,  hrs”  

Graphs of the dependence of lnIt3(’”@) on t’l at p = 1 for July 18 
and 20, 1961 flares m the basis of the data of stratospheric 
measecrements. 
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Fig. 14.13. Graphs of the dependence of lnnlt3@-P) on t -1  a t  different values 

to the above -mentioned model i s  observed at only one value of 
p, namely p = 1.0 (Table 14.4). 
Septembei: 28,  1361 f la re  is shown in Fig. 14.14. It is  seen 
that J does not depend on e at € 7 5 5  Mev but suddenly falls in the 
range from 55 to 2 3  Mev. This result  has  some uncertainity due 
to bad quality of data at the final stage of tha event. 
less, it can be confirmed that p is slightly more than 2/3 but 
Less than 1. 

of p for  April 15, I963 flare for p~otons with E p  > 23 MeV. 

Dependence of p on 8 lor 

~ Neverthe- 

& , Mev 

Fig. 14.14. Dependence of p on &e energy of @dons for  the September 28, 
1 961 flare. 
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The problem of the dependence of Aon r was also analyzed 
in the work of L. I. Miroshnichenko 1441 by considering emission 
spectrum in  the €arm-, R-X and for the following different 
values- P= 0-3; p = 0-1.5; y = 0-7; r = 1-4 a. u.; 

3c&= 12 -1023crn2/sec; R =  10-104 M v  a n d t  = 103-107 sec. 20 

Results of the calculation of the time variation of 
A s  is seen from concentration are  shown in Fig. 14.1-5. 

(14,44), the  values p = 0; 0 .5  and 1 correspond t o decrease 
in concentration with time according to the law 
3 t at t7tmax a n d P =  2, 

t - 3 / L f 0  t -2 and 

1 100Mev . . 200 MeV 

w 

t ,  sec 

Fig. 14.15- Dependence @(t) 
of the energy o,fp 

Data [I. 231 on September 28, 1961 flare L.. j . used i - 

comparison with the experiment by assuming that the L L ~ Z  of 
emission of particles coincided with the commencement of 
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X-ray oritburst. umbe'r of experimental points at large 
- -  - 

Lues o f t  is limited but.neve&heless, it can be seen from 
g.14,14 in which experimental e r r o r s  a re  not more than the 

t apparently depend 
ensions of points, t €or particles wit 

his conclusion i 
absence of data at 
for particles with 100 Mev i ncreases on increasing &e 
distance &--om the Sun approximately, accwding to the law 
roB 5-1- Oe 

in [28,  641 by other methods. 

rge values of t )  while diffusion coefficient 

These results do not contradict the results obtained 

Data [III, $81 on July 18 and 20, 1961 flares were once 
The reason for again analyzed in  E441 on the basis of (14.44), 

this verification was the fact that the value p = 3 was obtained in 
[III. 881 which contradicts the resul ts  of other works. 
seen from Fig. 14,12 that the exprirnerkal data on these flares 
satisfy the value p = 1.0 w i t h i n  the l i m i t s  of e r ro r s .  In th&r 

me way, L, I, Miroshnichenko 1881 analyzed the data of many 
utron lonitors on February 23, 1956 f l a r e .  The dependence 
an It3fiZ-P) ant- 1 for different values of p is shown in  Fig. 

It is seen that the data of Ottawa station (Rmin = 1 05 Gv) 

It i s  

16, 

, t - l . h r a * '  

Fig. 14.16. Obseruation data on Febrtsary 23, I956 flare at dqferent values 
of B. 
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s a t i s f y  the value p = 0.5 everywhere excepting last points 
corresponding to large values o f t  after the com 
the outburst. Curves of the dependence of In I t 3  on t - l  for 
Stockholm and Wellington stations a re  similar to  the correspond- 
ing curves for Ottawa station from where it follows that the 
value f3 = 0.5 is valid for all the three stations (in sp i t e  of the 
fact that they a re  situated i n  different longitudinal zones), 
The data for the hi l l  station Huancayo (Rmin = 13.7 Gv) i s  also 
given in  the same Fig. 14. 16. 
concentration of particles of high rigidity satisfies 

ncement of 

It is s e e n  that time variation of 
= 1 .0 .  

Dependence of In I t  on t - l  for the following six 
hill stations is plotted in Fig. 14. 17 : CLiaxnax ( min = 3,08Gv), 
Albukerke (4.52 Gv), Sacramento (5.10 G V ) ~  Mexico (10.0 Gv) 
Nori kura (12,2 Gv) and Hunacayo (13.7 Gv), 
r i  gidities here have been taken in  accordance with [I. 333, 
the basis of Fig. 14.17, it can  be confirmed that the data of 
mountainous monitors satisfy the value p = 0 - 5  within the limits 
of experimental e r r o r s  although the value f3 = 1. 0 may be suitable 
for stations having high rigidity as is obvious from Fig. 14.16 f o r  
Huancayo, 
component for the bruary 23, 1956 f l a r e  are fully described 
by the dependence r p  where 0.56p 6 10. 

The threshold 
On 

Thus, it can  be assumed that the data of neutron 

t. hrs 

t - l  hrs-l 

Fk.14.17.Data of high-altitude stations on February 23, 1956fEar-e at 
B = 0.5. 
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The dependence (r) was also studied by Parker  11.611, 
G . F .  Krymskii 1891, A. ~ Charakhch'yan and T.N. Charakh- 

dependence of 

satisfies the value of P in the range 0.5-1.0. 

istchi e t  al .  [III. 1071. W h i l e  studying the 
on r for  the February 23, 1956 f l a re ,  the 
arrived at  the conclusion that this dependence 

Data on time dependences of intensity of protons for 15 fla-. 
r e s ,  recorded with balloons in stratosphere and wi th  the help of 
satellites beyond the limits of magnetosphere, a r e  analyzed in 
the work of A. N ,  Charakhch'yan and T N. Charakhch?yan 1711 
(Table 14-51, 

)P ,  p=O.  5 for seven f la res  and p =  1 fo r  
is also important to mention tha t  the depe- 

The authors [71] paid attention to $he fact  that, on 

ndence of diffusion coefficient on r for the same fla 
e0 be t h e  same for protons of diffe rent  energies. 
1711, two groups of values of p cannot be explained by the differ- 

A s  bhown in 

iace of generation of cosmic rays on the  Sun. It was 
e the  values of p in Table 4 4,5 were mainly found 

from the decrease of intensity, i, e, the  maximum of 
wavegg w a s  situated gn the Earth% orbit  where  the  e f f e c  
a1 magnetic fields on propagation of solar particles is gexierally 
small, 

Dependence of diffusion coefficient on R was also found to 

mber 3 ,  1960, November 15, 1960, September 28,  1961 and 
be different for  different f la res .  For example, for  the f la res  of 

r 23 ,  1962, t transport range does not depen 
while A 1 . 4 ~ 1 0 ~ ~  7 for Febr  y 23, 1956 and 

interesting tomention t h a t  p = 1. 0 = const for t h e  first 
four flares while p = 0 , 5  in the presence of dependence 
i .e , ,  the parameters a and PB characterizing h p u l s e  a 
distribution of 

1960 flares and 5 for t h e  NO r 10, 1961 flare. Xtis 

a r e  probably related e0 each other, 

The mean free path for diffusion of particles with 

i s  the totaln 
ce  increases with the decrease of S O -  

the groups of sunspots during the month. 

The dependence of on r was also analxrzed by Krimigbs 
and V a n  Allen 1901 and Bostrom e t  a:. [SI] $or the February 5, 

\ 
a 
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TABLE 14.5 
DiZfueion parametere to; B series 2' Ilaraa of  eo^ 

ziiizq e-- 

Date of fl-rrt! 

Eeb. 23, 1956 

AuRust'22, 1958 
Aprtl  1 ,  1960 

Sept. 3 ,  1960 
M a y  4, 1900 

Nov, 15,.1960 

,Nos .  20,  1960 
July 18, 1961 

July 20, !961 
Sept. Z B c  4961 

Nov.  1 0 ,  1961 

Deb. 5 ,  1965 
J1tly7,  1966 
Jan. 28, 1767 

- 
L a x  
hr a. 

0,3 
Q.5 
0.6 
0.34 
OB@ 
0,26 
0,20 
0,IS 
0.14 
1 3  
5.4 
2,s 
58  
9,2 

12,s 
3,O 
5,4 
2.8 
2,7 
5.4 
I ,9 
2,2 
23 
3,l 
3'6 
0,8 
2.0 
6.0 
I ,o 
1.9 
z 1  
2.5 
4, I 
2.8 
3.9 
3.9 

- 

- 
~ 

c m 2  sec-1 

46 
28 
23 
41 
30 
53 
69 
92 
99 
7 *? 
3,9 
5.5 
3.6 
2.3 
1,7 
6,9 
3,9 
5.0 
7.7 
3.9 
7,3 
9.5 
a,a 
6,I 
5 3  

137 
6.9 
23 

I4 
11 
9, 
8, 
3, 
7. 
6J 
5.3 

- 
R 
G v  - 
9.0 
2 8  
2.1 
3s 
4.1 
5.9 
6.0 
2 
4 
0.6 
0,6 
0.6 
2,i 
0.6 
0,s 
2. I 
0.6 
1.3 
2.1 
0.6 
0.6 
1.0 
0.7 
0,s 
0.4 
0.8 
0.4 
0.2 
0,6 
0,7 
0.5 
0,4 
0,2 
05 
2.0 
EO 

-- 
r\ x 10" 

VI< fcm -- I '  
1,o 46 
0.95 29 
0.51 25 
0,95 43 
0,98 31 
1 s  
1 69 
1 9 2  
I 97 
0 , s  14 
0.55 7.1 
0,s 10 

0.5 
0,s 
0.5 
03 
0.5 
05 
0.5 
0,5 
0,s 
0,5 
1 
0,s 
i 
I 
I 
L 
t 
O S  
I 
1 
0.5 
I 
9 

"I 
t 
0.5 
0.5 
0.5 
0.5 

0.5 

200 

200 
I <so 
tSO 
120 

1965 flare on the basis of SXbwite'-&ta. In this case, the slue 
p =  213 was found in [9of for MeV. the 
basis of the data of stratospheric measurements, the authors 
[III. 1071 foqnd the value p = l .  1 for the July 7 ,  1966 fla 
considering the experimental errors, the data [La. 10 
generally be described by p=l.O. - - -  

A flare of solar cosmic rays, of sm-Q-a 
ded on January 28,1967 by the wokld netyork _ _ -  

~ - 

w 
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and supermonitors. 
40% (Vostok station in Antarctica, height above sea level=383 
The effect was observed a t  Mirny (Antarctica), biurmansk, 340s - a  

cow and a t  many other stations of the world network. 
iation of this flare a t  Moscow and Deep River is shown in Fig. 
14.18. 
was 16% and 6% respectively. Asymptotic s t ra i  t lines cor r  - 
esponding to fall of intensity according to laws t-'j2, t-2 and t-3 
are also shown here. It is seen t h a t  the law t-3/2 (elementary 
diffusion model) is  not suitable for explaining the time variation 
after maximum. 
ntly described by the law 

The fnaximura increase was not more than 

Time var - 

The maximum increase a t  these stations (supermonitors) 

The phase of decrease for this flare is appara-  
t-2 o r  ~ t - ~ .  

t r  F 

Moscow 

C 

Fig. 14.18. Time variation of intensity of particles j?om the Janmry 28, 1967 
for Moscow - and Deep River statwns. 

Fig. 14.19 illustrates the dependence of .en It 3(2-PlO, . 
t'l €or Deep River at p = 0 and p = 1. According to Fig. 14.19, 
the initial stage of the flare can be approximately described Ly a 
constant diffusion coefficient (p=O) but immediately af ter  the max. 
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imum, such a description becomes unsuitable. 
Deep River a r e  plotted as  4nIt3 on t-1, we get satisfactory 
conformity to the value p=l .  0 [52]. 
al l  the existing data on the dependence of % or r satisfy the 
values of p in the range 0.5-1 o r  more accurately, o s p  & 3.9. 

If the data for 

Thus, it can be assumed that 

t - l ,  h r a - l  

Fig. 14 .19 .  Data on the January 28, 1967flare for Deep River station at 
difJerent values of P. 

Interpretation - of the dependence ?e(r). - The dependence of 
%on f h a s  a direct relation with the structure of the interplanet- 
a ry  space arrd modulation mechanisms of galactic cosmic rays. 
Parker [I. 611 introduced the concept of 'Biffusion resistance'' 
of interplanetary medium which a galactic particle must experi- 
ence during its motion f rom infinity in the solar system to a 
given system (for example, up to r =  h* ). Physically, it means 
that the numher q of transport range A of a galactic particles 
between infinity and x $  must be finite if the particle reaches up 
to h = and infinite if the particle does not attain h =  &. 
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The value of q is determined from the integral 
r2 

(1 4.49) 
1 

If the model of open interplanetary space is adopted (i .e. ,  
with the gradual decrease of the density of scattgring centers) 
the effective value of p in the three -dimensional case must be 
more than one. 

finite value. 
can penetrate into the solar system. 
flares investigated give the value P 6 1, it should be assumed in 
the case of the open model of the interplanetary space that gala- 
ctic particles of energy, for example, 6 ~ 0  S 500'Mev (if the r e s -  
ults of the Peptember 28, 1961 flare a r e  taken into account) do ' 

enter the Earth's orbit. 

Actually, from (1 &44)-it follows that r 2 -+P 
~ r p w h e r e  psi, w e g e t q e - w h e r e a s a t  P > l , q h a s a  

It means that only a t  p ";r 1, galactic cosmic rays 
Since the data on all the 

Recently, Hofmann E921 while studying the effects of mod- 
ulation of primary particles with R = 0.1-1 0 Gv  during 1963 -65 
got the value f 3 =  1 - 1.08. 
to the open model is  wrong since in [ 92 ] :  1) the effect of delay is 
not considered; 2)  
with respect to r; 3)  steady problem is solved while the obtained 
solution depends on t; 4) stratospheric data of Ormes and Webber 
1931 a re  used, which a r e  not f r e e  f r o m  the Contribution of secon? 
dary particles. 

In our opinisn, this resul t  relatea 

A ( r )  i s  not under t& sign of differentiation 

If it  is assumed that'the mean f r e e  path is constant or  de- 
creases on increasing r ,  i .e. ,  p < 6  o r  A ry exp ( - r / r 3  ) ,  
then at  x2+ 00 we again get q 4  &. On the other hand, if A 
increases with distance, i.e. , A  tv exp (r/r;5 ) ,  then q = const, 
i .e . ,  finite. 
A( r )  only two cases satisfy the open'model: A 
A-eq (r/r*I. 

Thus, out of the considered cases of the dependence 
rf3 ( p  <! 1 and 

Experimental data, point out &e presence of galactic &s- 
mic rays of energies much less than 500 Mev near the Earth (it 
is appropriate to mention that the maximum of their spectrum 
lies in the region -400 Mev/nucleod. Mcareover, pressure of 
solar wind - carr ier  of the interplanetari fields - must be 
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balanced by the pressure of the interestellar gas at a particular 
distance f rom the Sun [I. 611. 
the interpretation of time variation of solar particles at large 
values of t on the basis of the dependence %(r) is not the only 
possible interpretation. F o r  example, If there exists an effec- 
tive magnetic boundary of diffusion region of radius ro (see 
Section 14.3), concentration at the Earth's orbit decreases not 
according to the  power law but according to the exponential law 
and the diffusion coefficient deperids only on R. 
mentioned in Section 14.1, diffusion rate  TY = 3 W r 0  = const fo r  
particles of a given energy. If, on the other hand,% increases 
with distance as N r l - O  and there is no boundary, the condi- 
tion vd = const should, even then, be satisfied. 

It should also be mentioned that 

In this case,  as 

It is obvious that the diffusion rate  canngt be more than the 
velocity of propagation of particles i n  the absence of magnetic 
fields and matter ( in  vacuum), i. e. vd B . AS can be s-eea 
from (14.11), the equality vd  = v corresponds to the case when 
A =  rr  i. e., the transport range is equal to the distance, cover- 
ed along the radius, f rom the Sun. On the other hand, the dfs- 
tance covered r = and the volume occupied by particles inthe 
three-dimemion4 
tion of particles, averaged for  this volume, will change +ecord- 
ing to the law h w V ' ~ ~  rm3w tq3. 
(14.44) , it is not difficult to notice that the value p = 1 satisf ie7 
the decrease in concentration according to the law w t-3. 
a limitation is obviously put, by the model of diffusion pro 
in the three-dimensional isotropic space, on the rate  of- i 
crease of diffusion coefficient on increasing the distan. 
the Sun, Le. ,  the value of p must satisfy the condie: 
since a t  p 3 1 ,  the model con ' 3 m r 4  hero i- -- 
is comparable to the distance 

case will be V + r 3  = ( W t )  3. Concentx-a- 

Comparing this resul t  with 

Thus, the above -ment 
smic rays with &k &-lo0 M 
undary for solar wind, limitatlc,,, .. 
% - r P  by the value p & I ,  t h e  possible existence of an effective 
boundary of diffusion region) a re  apparently in favor of a closed 
model of the interplanetary space. 

This conclusion, applicable only within the framework of 
the diffusion model under reference, can have great significance 
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for the theory of modulation mechanisms of cosmic rays, in' 
particular, for the theory of 11  -vear variations. 
be kept in view that solar cosmic rays provide information only 
on the space of radius rx S l O  a.u. (see Section 14.1). 
t h i s  distance, the electromagnetic situation may be absolutely 
different from that in the internal part of the solar system as 
the interstellar magnetic field near the solar system is not a 
homogeneous field of galactic sleeve a s  was considered ear l ier  
but ha6 a very complicated structure (see Section 1 3 . 1  ). 

Here ,  it should 

Beyond 

As is seen 

satisfy the condition p 4 2 and %he value of p must  lie within the 
limits 0 6 
particles from a source not situated at origin of coordinates 
[94]. 

uated a t  the center (r = 0 )  do not reach the Earth. 

usion equation must 

2 on considering the problem of the emission of 

If p+2 on the left, concentration of particles on the E a r -  
I t  means t h a t  the particles from a source s i t -  

Actually, at 
h ' s  orbit n4O. 

= 2, the integral (14. 49) within the limits from r1 = 0 to r 2  = 

tween origin of coordinates and the Earth's orbit is infinite. It 
was assumed in works [26, 721 that the particles were emitted 
a t  the point r = 0 and therefore, the condition p < 2  h a s  a purely 
formal Sense since the particles in reality a r e  not generated at 
the center of symmetry. 

i s  a diverging integral, i.e., the *Pdiffusion resistance@' be- 

It should be mentioned tha t  not p but the parameter s = 
( P t 4 )/ (2 - 6 )  can be determined experimentally. 
concentration can dzcrease according to the law ,U t v3'2 not only 
in an isotropic, spherically symmetrical medium. The equality 
s = 3/2 is also valid a t  
ion), la =O and p= 4/3 (two -dimensional diffusion), Q =3 and p= 
-2/3 (diffusion in a pipe-shaped medium); etc. 
ntradicts the assumption that 
tance from the Sun. 

Therefore, 

= 1 and g=2/3 (one -dimensional diffus - 
The last  case C O Y  

increases on increasing the dis-  

It should be mentioned that this model is  comparatively 
unsuitable for  explaining the data obtained during the initial 
stage of a flare.  This is  apparently related to the initial aniso- 
tropy and prolonged emission of particles f rom the acceleration 
r eg ion. 
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Summing up t h e  results of t h i s  Section, let us once again 
point out t h a t  the va lues  p 6 1 at g k  5500 MeV must  point out 
the absence of particles of such energy in the  composition of gal- 
actic cosmic rays near the  Earth. This assumption however C O T  

ntradicts,the observations (see Fig. 11. 8). Moreover, it is abs-  
olutely natural to expect that  t h e  value of p increases a t  higher 
energies; possibly, p changes with the solar acitivity in accord- 
ance with different t m r  bulent states of t h e  interplanetary medium. 

Thus, even if r 2  in (14.49) is cansidered to be infinite, in 
spite of a number of arguments in the favor of the closed model 
of the interplanetary space, it is not clear if there exists any ph- 
ysical contradiction. Nevertheless, it can be expected t h a t  t h e  
obtained empirical values of p can throw some light on the  gen- 
e ra l  problem of modulation of t h e  spectrum of galactic cosmic rad 
ys in the interplanetary space. Study of t h e  change P(E) during 
solar cycle is of special interest. Some views on the dependence 
of diffusion coefficient on t h e  epoch of solar activity are mention- 
ed in Section 14.5. 

As mentioned by L .  I. Miros hnichenko [9 51, while studying 
the  dependence of on r ,  the correct consideration of low-ener - 
gy background is very important (see Section 11) whose contribu- 
tion to the observed intensity is not constant with time and can be 
significant when the flux of particles f rom thi f l a r e  beiag studied 
becomes comparable to the background. In particular,  as seen 
from (1 4.44), the  decrease in t h e  experimental values of I due to 
wrong consideration of background leads to an increase in the 
value of p. 

Measurements on the  intensity of cosmic r ays  simultaneou- 
s ly  a t  different points of t h e  interplanetary space are very impo- 
rtant for formulating a theory of propagation of cosmic rays in 
the solar system and for studying the properties of the interplan- 
etary medium. Such measurements were, for the first time, 
made by S.N. Vernov et al. [96] on the  satellites "Zond -3", 
"Venera-2" and "Venera-3". It facilitated determination of 
gradient ooncentration of protons having E = 1-5 Mev a t  distanc- 
es from 130 to 190 million km from thd  Sun. 
led to the unexpected conclusion regarding the existence of a 
large gradient (the intensity increased by about 5 times on in- 
creasing the  distance from the  Sun to 190 million km). One of 

The observations 
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the possible qualitative expalanation to the observed distribution 
of protons, mentioned in 1961, is the  assumption that a large nu- 
mber of protons can be thrown beyond the Earth's orbit along CO-  

mparatively narrow channels during solar flares (even during 
small flares). 
ions including t h e  direction towards the Sun. 

Afterwards, the protons diffuse in a l l  the direct- 

Assuming the r e s u l t  1961 experimentally reliable and COU- 

sidering that the motion of protons observed in [96] has the  nature 
of diffusion, A. Z Dolginov and 1,N. Toptygin (971 made an attem - 
pt to determine the dependence of diffusion coefficient on the dis- 
tance without specifying the location of the source of particles. 
(It is only important tha t  the source existed outside the region 
being studied). 
particles for the case when the magnetic irregularities move in 
space with a regular velocity U. According to [97], the diffusion 
coefficient a s  a function of distance depends on the index $of the 
spectrum of protons and on the value of 3eg. Since correct  va- 
lues of r and re  not known, it is not possible to determine 
tbe exact de nce iC(r). However, as shown in 1971, there is 
a significant, by 5-10 times, decrease of diffusion coefficient on 
increasing r in the  region a t  a l l  reasonable values of Y and X d .  
This result apparently points out the fact that on increasing the 
distance from the Sun and particularly between the o r @ h  of the 
Earth and the Mars, regularity of the field is distrubed to even 
greater extent, its lines of fokce get entangled and irregularities 
of lesser  dimensions appear. In the case of appearance of irre- 
gularities of the field of dimensions &$ P , scattering of protons 
is sharply intensified and the mean free path decreases. If the 
arbitrary field HI is much l e s s  than the regular field, then a s  it 
follows from the theory [35], it increases according to the law 
(Hi2) - ?e-'. 

The authors solve the equation of diffusion of 

Diffusion coefficient, not depending on an  arbi t rary distance 
34% , can be more directly determind with t h e  help of the  form- 

ula for the density Ji of the beam of particles 1971. 
case, it is necessary to measure the components of current Ji 
along with the concentration gradient and spectrum. 

But, in th i s  

14.7. Spectrum of solar particles in the source. The r e -  
lations (14.44) and (14.45) in some cases make it possible to 
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determine the spectrum of solar particles in the source. 
p=O +nd Cr = 2, the relation (14.45) becomes 

At 

Qn the basis of data [1.23] on the Septmber 28, 1961 f la re ,  
the authors 1641 plotted the dependence of It3I2 on t-1 at dif- 
ferent values of the energy of solar proto (Fig. 14.20). The 
dottedand full lines on Fig. 14.20 correspond to two methods of 
processing of the data with the help of {I 4.50); in the first case, 
t was counted from the beginning of X'ray flare while in the se- 
cond case, from t h e  time when X-ray flare was a t  its maximum 
(difference in these times is of the order of 10 min). It is seen 
that the propagation of particles with L k L  100 Me,% is d e s c r i b d  
by the equation of isotropic diffusion for the whole time range for 

The beam of particles perimental data is available. 
100 Mev became isotropic about 9x10 3 seconds after 

the maximum of X-ray flare; later on3 the propagation was due to 
diffusion, for about 1.7~104 seconds, after which the ratec of 
decrease of intensity deviated significantly from thelaw - tm3I2 
(three short  straight lines in the right-hand side of Fig. 14. 20). 
Times of maximum intensities, shown in Fig. 14.20 by arrows, 
occurred during the period of isotropy. Particles with 

Fig. 14.20. Dependence of lnItv2 on t- l  for  the intensity of solar particles 
from September 28, 1961 flare [64] at various values of the enevd 
of particles. 
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were an exception for which maximum was not attained during 
observations (their intensity continued increasing right; up to the 
commencement of geomagnetic storm). 

For the case of 200 and 600 Mev particles,'it is seen from 
Fig. 14.20 tha.t selection of the time of beginning of emission is 
important for the first, anisotropic phase of propagation of solar 
particles and stops playing a significant role after the appearance 
of isotropy. It is also seen that better conformity of experiment 
to the theory of isotropic diffusion is observed in that case when 
the time of maximum of X-ray flare, attained 15 minutes after 
the beginning of September 28, 1961 chromospheric flare, is take 
en a s  the beginning of emission of particles. This result is in 
agreement k i t h  tke data of Hofmann and Winckler [III. 881 for the 
July 18, 1961 flare. 

Extending the s t ra ight  lines of Fig. 14.20 till  they intersecd 
the ordinate axis a t  l/t = 0, it is  possible to calculate from 
(14.50) the number of emitted particles of different energies. 
The differential spectrum fog $his flare, obtained in th i s  manner, 
has the form D( 6,) = 5.6 x 1034 
diffusion, the spectrum must diffuse owing to the dependence 

In order to compare with measured data on September 28, 
1961 flare, differential spectrum OR the Earth 36 minu tv ' (2 .16~  
1 O3 secjafter the maximum of x -say e shows that t h e  maxim- 
um of the spectrum was in the.region - 100 MeV which appr- 
oximately corresponds to measurements [I. 231 a t  2320 UT. 

particles /MeV. During 

). 

Emission spectrum can be obtained from (1 4.7) o r  (14. 50) 
by a simple calculation by having the data on differential inten- 
sity I (r8 , t) and values of % at various energies. However, 
the above-mentioned method is more clear since Fig. 14. 20 not 
only demonstrates the applicability of the theory of isotropic 
diffus ion to  propagation of solar cosmic rays but also shows the 
limits of th i s  applicability with time. In many cases, time v a r i -  
ation of the intensity of solar cosmic rays cannot be correctly 
described by the elementary diffusion model. However, in most 
of the cases, such a description is valid a t  least within a limited 
interval of time during which the beam of solar particles is isot- 
ropic. Thus, if diffusion takes place even during a limited inter 
val of time and if the differential spectrum of solar particles is 
measured, there appears, in principle, the possibility of getting 
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t he  very important Characteristics of acceleration mechanism on 
the Sun, namely, spectrum of accelerated particles a t  the time 
of their emission. 

Assuming that the obtained emission spectrum extends 
right up to 1 Mev, it is possible to calculate the total number of 
emitted particles of energy more than the given one. Although, 
the total number of generated particles with 
very large (5.6 x1034), the energy contained in them ( 6 . 2 ~  1029 
erg) is not more than the kinetic, magnetic or optical ener 
class 3 or 3+ flare. 

e k  = 1 - 1000 Mev is 

Bryant et  al. [I. 551 obtained emission spectra of the form 
- Y  for the flares o ptember 28, 1961 ( = lei’), November 

0, 1961 ( 7 = 1.5 for = 1.4-22 Mev a ~3.5 for the range 
k = 55 -590 Me v) and ober 23, 1962 ( = 2.3) (Fig. 14.21). 

Fig. 14.21. Generation spectra for the pares  of September 28, 
ber 10, 1961 and October 23, 1962 fl.551. 

1961, Nmem - 

Emission spectrum for the September 28, 1961 flare 164; 
I. 551 does not contradict the results of t h e  work of A.A. Korchak, 
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[99] in which the spectrum of nonrelativistic electrons was 
obtained f rom the analysis of X-ray and radio emission for 
the same flare. Difference in the values of the index oan be 
explained by the difference of energy losses of protons and elect- 
rons in the solar atmosphere. 

An interesting analysis of t h e  data of September 28, 1961 
flare was done by Krimigis E281 on the basis of the generati*d 
diffusion model by considering the dependence of diffusion h o d e l  
on the energy of particles and distance from the Sun. As is seen 
from (14.44) and (1 4,45), knowing t h e  values of %% and p, it  is 
possible to calculate the total number of particles emitted at the 
time t = O  and further, using the  data for various energies, it i s  
possible to .plot the spectrum of particles a t  the time of emission 
t = 0. Expressing the obtained results in four ways, namely 
power function of E k ,  exponential function of €k, power func- 
tion of R and exponential function of R,  Krimigis arrived a t  
the conclusion that each of these functions can be used for  des- 
In the opinion of Krimigis, best approximation is obtained for the 
exponential rigidity spectrum (Fig. 14.22). The vertical e r ro r s  
obtained approximately a r e  maximum and the  actual e r r o r s  a r e  
probably lesser. Differentia1 spectra for the  three methods 
(excepting the exponential function of energy) have the fDrm: 

It is obvious that the spectrum in the f o r m  (14.51) does not con- 
tradict the results [64; I. 553. Calculation of the number of parti  
cles of energy c k >  23 Mev (i.e. of rigidity RP209  Mv) is the 
appropriate verification of the relations (14.51)-(14.53). From 
(1 4.53), we get N ( R P 2 0 9  Mv) * 0 . 7 9 ~ 1 0 ~ ~  particles. This value 
is well in  agreement with the value of lx1030, calculated directly 
from (14.44) with the help of graphs given in  Fig. 14.10, a. 
The power function of energy (14.51) or rigidity (14.52) gives 
the values 1- 88X1030 and I. 8 2 ~ 1 0 ~ ’  particles respectively. 

Simple calculations show that a very small fraction of the  
total energy of flare is contained in such an amount of particles. 
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Fig. 14.22. Expdnential rigidity spectrum for the September 28, 1961 flare 

If the dimension of the falre is taken to be -10 
tic fields H E 1000 gaus s , the total energy, contained 
field, will be of the order of l O 3 l  erg.  On the other 
total energy of 1 . 2 6 ~  1031 particleg having e k 
to ,e 4 . 6 ~ 1 0 ~ 6  e rg  which is less Wan 
in t h e  flare region, 

the time df emission. 
km with magne - 

of the energy contained" 

It is interesting to study t h e  t h e  evolution of spectrum. 
It can be done on the basis of the  relation (1 4.46) by using the 
constants given in Table 14.4. According to calculations [28], 
spectrum "bends downward'' at %aw values of t and gradually so- 
ftens with time (Fig. 14.23). These results agree w i t h  the obse - 
rvations of internal coordination o'f the  model which takes into 
account the dependence W(8,  r). 

The experimental indications of the fact tha t  spectrum be- 
comes more plane at Low values of energy [I.2, Section 501 were 
taken into account in L.I.  Miroshnichenko's work [44] while pal- 
culating the  rigidity spectra of solar particles a t  f3 ='0,*=2. In 
order to specify, it was assumed that the spectrum of particlea 
with 4.k- 10 ~ e v  is plane at t h e  time of emission, Le., y=o 
while y=2 (@k = 100-500 MeV) and y = 3 ( & k a  600 Mev) at higher . 
ener gie s. 
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Fig. 14.23.  Spectrum of solar protons sx$ected ut different moments of time 
at -the Earth's orbit. 

DifferentiaL rigidity spectla a r e  shown in Fig. 14. L L ~  for 
t, = l o 4  sec after the commencement of eznission and t 2  = 105 

It is, f i r s t  of all, seen that there is a tendency to spectral 
ng with time and that this:-tendency is most clearly expree 

w l e ,  a t  R = 1 o4 MV. Concentration of particles a t  ti is 
he region of extremely low and very Large values of R. 

I that at t2 by about three orders. Moreover, in both the 
Xctrum has a maximum whose position displaces in the 
: Low values of R on increasing t. The maximum a t  

cry sha rp  and is situated near the value R = 250 Mv. A t  
-L, the maximum is more diffused and lies in the range of 70-100 
M V .  

It is interesting to mention that on considering the  depend- 
ence WR), diffusion does not change with time the powersnature 
of pectrum starting from R 3 250 Mv ( .k c 3 OMe v). Inclination 
of spectra a t  R a 1 7 3 0  Mv (& %l Gev) corresponds to the valu- 
e s  y = 3.5 a t  ti and y = 6 at t2. The spectra become more slant- 
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.14.24. Rigidify sp 
of time in the cas 

Y. - _  
ing in t h e  region of low 
of spectra does not con 
the measured spectr 
one. Therefore, it 
has the power form 
in the  region of very low rigidities. 

For understanding the processes giving rise to the  spectr-  
um of solar cosmic rays a t  the source, it is important to deter- 
mine emission-spc ctra for different energy ranges, The result 
obtained by L.I. Mlroshnichenko is81 for the .flares of February 
23, 1956, h4ay 4, 1960 and January 28, 1967 are described beloyy' 

Fig, 14.17 shows the data on February 23, 1956 flare for 
6 mountainous neutron monitors, processed with the help of 
[l 45) at p 0.5.  Points of intersection of straight lines with 
the ordinate at t - l = O  give, with the accuracy of the constant fact- 
or,  values of the intensity of particles I( >R) of rigidity R)Rmin 

for the given observation post. Integral spectrum of solar party ' 
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icles from February 23, 1956 flare a t  the time of emission 
obtained in this way. This spectrum is shown in Fig. 14.25 in 
arbitrary units in semilogarithmic (curve 1) and lo'garifirmk 
scales (curve 2). It is seen that Id( 7 R )  = 10R-4-5 while 
accuracy of determination of index is apparently not less 
+ 0;5 .  F r o m  this, we get the differential emission spec 
Eo (R) = D&'5* 5 5 0 . 5 .  _ _  

Pi&. 14.25. Integral emission spectrum for February 23, 
logarithmic (1) and logarithmic (2) scales. 

1956 Fpre f- 

Let us compare the last result 'wikh th 
According to [I.36], differ ed on the Earth. 

measured in the same rigidity range has the for 
The spectrum apparently deforms in the process of 
particles M the interplanetary space due to t 

on R. It can be noticed from the difference 
traight lines in Fig. 14. 17 for the stations 

about 4 times on increasing 
s from this that in t 

On considering this result 
R O O  7-00', i t  can be seen 

(1 4-45]  that the measured differential spectrurrl actually corres- 

tioned accuracy). 
ponds to emission spectrum {within the limits of the above- - 
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Pfotzer [I. 451 determined distribution of the  intensity of 
particles, directly coming from the Sun, on t h e  Earth's surface 
by substracting the data of background zone from the  results of 
observations in shock zones. 
tained in this way, had the form dR- 3 e 4  in the range R = 
Gv which is in agreement with the  r e su l t s  of calculated s 
[I. 11 for the time 0400 UT 
ce with the theory of diffusion, spectrum of direct beam must 
be more rigid than the emission spectrum. 
results confirm t h i s  conclusion. It should also be mentioned that 
consideration of the r e su l t  [I, 451 as emission spectrum leads to I 

unjustified increase in t h e  value of Q in the relation 
According to [74], values of a lie in the range 1,8-2.4 which con- 
tradicts the above -obtained value a $1. 

The spectrum of direct beam,- ob- 

a n  February 23, 1956. In accordan- 

The above-obtained 

y 4, 1960 flare was distinguished by the  presence of 
shock zones which were displaced a s  compared to the locations 
expected from calculations [I. 71. 
crease in the intensity of solar particles was recorded a t  st 
tions situated on the American continent and Australia whil 
European stations were found to be in the background zwe. 
paratively low amplitude of outburst ( Q 35% in the neutron corn- 
ponent) and small duration (not more that 2 hours a t  moe'of the 
stations) are the characteristic features of this flare. 
data of only those stations wheze measurements were conducted 
for s hort periods 2-5 minutes) were found to be suitable for det- 
ermining emission spactrum while t h e  data obtained after the m a -  
ximum outburst were used for stations in the  shock zones. 

Moreover, the-paximum in- 

Go- 

Therefor5 

Data on neutron component foE the mountainous shtionsobf 
% & f u r  (Rmin = 1.10 Gv), Washington (1 .34 Gv) and Tsugspittse 
(4.52 Gv), processed on the basis of (14.45) at p =: 0.5,  is shown 
in Fig. 14.26. 
rows. Taking into account largq measurement errors at the  end 
of the event, from Fig. 14.26, we get the value f3'r 0.5 which 
satisfactorily agrees with the observational dab. The integral 
emission spectrum, whic h has  the form I (7-R)  = IoR-2e 5 O* 
within the limits of 1.1,-4.52 Gve is also shown in the same Fig. 
from where it follows that De@ R-30 'to* 5. If Wa-R1* O, then, 
in accordance with the observations 11. 35.1, the spectrum on the 
Earth's surface at t>>Lax will be D ~ - . R - 5 ~ 0 . 5 .  

Times of maximum outbursts are shown by .ar-  
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ree ~ o u n t u i ~ s  stations for the May 
d the integral emission 

component but 
ut -off r igidiiy ) 
esbc flares wer 

27 -29, I967 e solar activity 

the flare (curve 

at 0728-0858 UT on January 28, 1967 in the active region with coordfnates 
, 1PE. Al the same lime, 0 radio outburst on a frequency of 3100 
and an iricrease in the level of radio emission OB meter band was ob- 

served. Many subflares hot less n 4) were also recorded in the same 
active region. 
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A t  present, we do not have sufficiently detailed information 
he nature of dependence of F O  

February 23, 1956 flares) that F quickly attains maximum after 
the commencement of chromospheric flare and that it decreases 

t h i s  is known (for example fo 

__ 
b* 

Meresting ionospheric effects On 
ber 10, 1961 flare (&&s and Sech 
of cosmic radio noises at a fveque 
*distortions of the phase and amplitude of radio s 
kHz along the path Etlg-land-Alaska). 

cs_*__x_ - 
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sharply afterwards according to an exponential law (for example, 
for February 23, 1956 flare, F( ek, t )ce- t /To where To 
15 min). 
ficantly extended with respect to time which partially gives r i se  
to the  delay of low-energy particles. 

The emission function at Low energies may be signi- 

Let us assume that F can be approximated by one of the 
sessions (the source is taken to be point source): 

k) is the  number of emitted particles of energy 6,; 
T is the time of activity of the source and To is a constant 
characterizing the emission rate of particles; t being counted 
from the commencement of emission. 
emission of particles (14.54) is very convenient mathematically 
for solving the equation (14. 5) because of the properties of 

This case has  beeh analyzed in detail in literature. 
In the  recent past, experimental data were obtained (see Section 
11 2 )  which pointed out to the possibility of accumulation of 
Low-energy solar particles in the interplanetary space during t h e  
years of high solar activity. Therefore, it is of great interest 
to studv the solution of equation (1 4.5) f o r  the density of source 
in the from (14.55) when the particles a r e  uniformly emitted 
during a finite interval of time T. Putting (14.55) in (14.6), we 
get ( [I. 231, Section 63): 

The case of instantaneous 

-function. 

(14.57) 
where r is the incomplete gamma function which can be 
expressed in terms of probability integral @ ( z ) .  
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After simple transformations. (1 4.57) becomes 

It(&,, r, f)= 

It is easy to show that at t >>T, equation (14.58) is the solution 
fo r  the source in the form of S -function. 

An expression of the type (14.58) was used by A.A. 
Stepanyan [loo] for determining 
tics of the flare of cosmic rays on May 4, 1960. 

and other mean characteris- 

The results of calculations done by L.I. Dorman and L.I. 
Miroshnichenko [ l o l l  with the  help of formula (14.58) a t  N = 

and t 
= 1 023 cm2/sec, T = 10-3.16~107 sec, r = 0.1-4 a. u. 

5x1 02-3, 16x1 07 sec a r e  given below, 

The calculations show that if T is small, t h e  curve of 
change in concentration of solar particles of a given energy i s  
less  sensitive to the duration of emission. It is obvious from 
Fig. 14.28 on wkich curves of change in concentration of bolar 
particles a r e  shown for 
and for different values of T. 
x.= 1 021 cm2/sec ( 
of b-function is shown for the purpose of com.parison. 
be seen t h a t  for particles with e = 5 Gev a t  T l o 3  sec, we 
get a curve which practically corresponds to the  case of an 
instantaneous source. On increasing T, the  maximum of the 
curve gets displaced towards Large values of .t: While the 
increase in concentration is very gradual the decrease after t h e  
maximum is very sharp. As was expected from (14.7), the 
decrease in concentration at t>>T follows the law - t-3/2, i.e., 
solution of diffusion equation (14.5) at  large values of T does not 
depend on the form of injection function. 
underline the  difference of time variation in t h i s  case from the 
case of 
concentration quickly increases to the maximum and after this, 
there is gradual transition to the law of decrease m t-312. In 

2 .75~1 022 cm2/sec ( ek = 5 Gev. ) 
The calculated curve (dotted) for 

It may 
3 0.5 Gev ) and for the  source in the form 

It is important to 

s -source. In the case of a n  instantaneous source, 
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the case of prolonged emission, the concentration increases to 
the maximum more slowly but afterwards s tar ts  decreasing more 
quickly than according to the law - t-3/2. 
the diffusion law of decrease takes place only a t  large values 
t>>'ll. 

The transition to 

1s * 
Ftg.  14.28. Time variation of solar particles at the Earlh's orbit fm diffeer- 

ent duwtions of;fmctioning of the source T [lOl]. 
Change in concentration with time depending upon the vaiue 

i. e., transformation of plane emission spectrum at different 
moments of time T1 = 104 sec (dotted) and T2 = 3 .16~1  Ob sec 
(continuous curves), is shown in Fig. 14.29. It is characteristic 
that the maximum of spectrum in both the cases  is attained a t  the 

practically corresponds to the, same energy of particles (%= 
1 0z2 crnz/sec) but the maximum flux of particles a t  T1 = 1 O4 sec 
is about 300 times that a t  T2 = 3.1.6~1 O6 sec. 

same time t = 10 4 sec after the commencement of emission and 

The above -mentioned calculated results facilitate deter - 
mination of the duration of emission of solar cosmic rays from 
the generation region on the basis of time variations of their 
intensity. For example, by applying the equation of the type 
(14.58) to the May 4, 1960 flare, A.A. Stepanyan [loo] obtained 
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the average value for all particles having R > 1.1 Gv. 

6 mentioned above, the experiment points out t h e  expo- 
ture of injection function. In t h i s  
n ( 1  4.5) for an exponential source 

ir o s hnic hen ko studied in the work of L,I .  
d 

The integral (14.59) cannot be expressed into elementary func- 
tions and therefore, numerical (machine) calculations of n were 
done from formula (14.59) for studying the time variation and 
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energy spectrum of solar particles. 
in calculations [lo1 J were used bere. 

The same parameters a s  

s expected, the curves of time variation have a 
hich is displaced towards lesser values ~ f :  t on 

urn becomes more diffused on 

t 
I 
0 

-2 
-3 
-4 

-1 

.a. Time udrwim of sokir particles at ty Earth's WMt ffi the  cat^ 
of an  ex^^^^^ sott'yce at a) To = 10 sec and b) To = lo7 S m .  

The change in theiConcentratioa of particles of different 
energy a t  the Earth's orbit due to an increase in To is of great 
interest, It i s  seen from Fig. 14.31 that the concentration at  
any time of observation (curves foy tl = 1 O4 sec and t2 = 1 O5 sec 
a re  plotted in Fig. 14.31) practically stope increasing at large 
values of To while the maximum is displacedtowards lesser 

energies (from 3t = lo2' cmZ/ssc to 
sitting f r o m  ti to tg.  
orbit is shown in the same Fig. for particles having*= 1020 
cm2/sec and%= 1021 cm2/sec (dotted). 
very large values of To, the Concentration of particles a t  the 
time of m a x h u m ,  changes proportionately to To. The growth 
n,a,(To) becomes slower in the region of very large values of 

21 
cm2/sec) on tran- 

The dependence nmax ( T d  at  the Earth's 
= 10 

It is seen that a t  not 
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Fig. 14.31.  Chqge in the concentration of solar particles of dif erent energy 5 at the Earth's orbit at a) t l  = lo4 sec and b) t2 = 10 sec. The 
depedence nmx (TJ is shown by dotted curves. 

4 sec and t Z  = IO5 sec Spectra of solar particles at ti = 10 
for different values of To and by assuming t h e  emission spectrum 
to be plane, a r e  shown in Fig. 14.32. 
expected a t  the Earth's orbit slightly depends on To but .it prac- 
tically does not depend on To at T07105 sec (in any m s e ,  at the 
selected values of t i  and t2). 

T.he shape of spectrum 

Fig.  14.32. Spectra of solar particles near the Enrth in the case of plane 
spectntm of the soiirce: a) t l  = I o d  sec: b) t2 = 10s sec. 
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The dependence of the time of appearance of maximum 
concentration of: solar particles on To is shown in Fig. 14.33. 

is seen that the dependence h a x ( T o )  is very weak at low 
ver, significant growth of tmax is 

e 

= loz3 cm2/sec) changes by 
Thus, for example, bax for 

about three orders on changing To from 10 to l o7  sec. 

I 

F&. 14.33. Depemience of the time of ap$iarance of maximum emcentrat 
of solar particles on To, 

In order to explain the above -mentioned peculiarities of 
time variation of solar particles, let us consider the asymptotic 
behavior of integ a1 from (14.59) for two extreme cases. 

1 )  To is small. Introducing the notations 

L 
e 

(1 4.59) can be written in the  form 
t 

(t -'I) d~ (14. 
0 

* 
Since the exponent e a t  low values of T, decreases very 
quiskly, the function Q(t-'tt ) san'be approximately replaced by 
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its value at the 
be put equal to e Then. the relation (14.60) 

t Z 3 0 and upper limit of irnt 

from which it follows that 

Moreover, differentiating (1 4.61 ) with fe  
the derivative to zero, we get %%/at = A %  
from where it can be concluded (wi tbut  calculating tmax 
explicitly) that Lax practically wil laot  depend on To in the 
region of low values of To. 
curves of Fig. 14.33 at low values of To. 

ry To in accordance with the 
d curves of Fig. 14.31, in the region of low values of To, 

This result  does not contradict the 

2) To is large. In this case, the index - r # T o  of the 

Then, (14.59) 
exponent will be small at every value of 
account, let u s  expand e -z/To into a series. 
takes the form 

. Taking it into 

f 

been from(14.62) that the dependence of concentration of particles 
on To at the time of maximum is more complicated a t  la rge  
values of To than at low values of To. It corresponds to the 
form of curves nma,(To) shown in Fig. 14.31 for large values 
of To= 
one of which depends only on t and the other on t and To, it can 
be concluded (without calculatiig tmax explicitly) that t,,, will 
depend on To at large values of To in accordance with the curves 
shown in Fig. 14.33. 

Moreover, owing to the presence of two terms in (14.62) 

L e t  us now study t h e  behavior of integral (14.59) at large 
values o f t  (t.3- ). Differentiating (14.59) with respect to t: 
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=--- (1 4.63) dn 

n ( expans i6n of 

hich it is seen that on inc 
o~iczzlly approaches the i 

Thus, the shape of the cu ves of time va iation at large 

an infinite space for t h e  case of 
to the value of To and satisfies the 

hand, two other important 

ion of particles at t h i s  
It facilitates deter- 

namely, time of appearance 

end on To. 
he experimental data if the 

i a i  spectrtim of solar particles is measured duping a 
c rval of time and within a wide range o b  energies. *’ >* 

It i s  assumed by Nagashima [ I  031 that F can be approximat- 
the following three types of functions; 

( 
(1 4.66) 

is the delta function while 

The type I function carregponds to instantaneous emission 
of monochromatic beam of particles of rigidity RR. The type II 
re fers  to the case of inshntaneous injection of particles with 
continuous rigidity spectrum and the type 111 to the  case of conti- 
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nuous and prolonged emission of cosmic rays with monochromatic 
or continuous rigidity spectrum during injection period 

A s  far a s  boundary conditions a r e  concerned, it is assumed 
in [lo31 that the diffusion region extends to a distance of ro from 
the source while A is  infinite beyond this region. To simplify 
the analysis, the ratio d = q / r 0  has been introduced where q, 
is the distance of the observation point f rom the source. Time t 
is counted from the moment of maximum intensity tmax and is 
expressed in terms of the units of interval during which the maxi- 
mum intensity reduces by 2 times. 
t h i s  rated time is denoted by 2" e 

terms of the maximum intensity, 
decrease of intensity a re  known as premaximurn and postmaximum 
periods. 
zource of type I1 with the power rigidity s p  
pagate in the medium of diffusion coefficient 
also assume that solar cosmic rays gener 
in the terrestr ia l  
plicity factor m 
intensity obse ved a t  the Earths, surface 
same a s  in the case F of type I, i. e. the 
equivalent to source of ty e I within the li 
a s  s u ~ ~ ~ i o ~ s ~  

In subsequent discussion, 
The intensity is graded in 

Periods of increase and 

Let us assume that the particles a r e  emitted by a 

osphere with the integ 
In this case, as sho 

information a bout 

Existence of a finite limit Qn diffusion region complicates 
the dependence of intensity on time. 
[103], deviation of curve a t  5 
from the curve for the case of three-dimensional diffusion in an 
infinite medium is negligible. Thus, if it can be established 

According to calculations 
=: 1/2 for premaximum period 
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the  form: 

- 

he solution of (14,681 
the 

4. 

the ease of ut .W r, the concentration of solar 
distance decreases more quickly than in the 
The moment o f  attaining the maximum inten- 

d on the rate of motion of irregmlapities 

<<IB the expression (14.69) changes into (13.7). 
the results of calculation obtained by E .I. 

enko I871 far esncentrat 
time and distance from 
1023 crn2/sec1 il = 0-3, 

Dorman and L .I. Mirsstln 
cosmic rays a s  a function 
N = 1038 particles, 
cm/sec, r = O . / 3  a,u. a n d t  = 3L03-1107 set. 

The dependence of on the  energy of particles must, with 
the passage of time, lead to enrichment of their spectrum with 
low-energy particles. 
on a number of flares [I. 3; 1.23; 331. 
spectrum of solar particles in many cases fi.35; W. 1371 
apparently has the tendency towards an increase in rigidity with 
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the passage of time. Possibly, in the works 
the results a r e  partially explained by the convection of particles 
due to radial motion of irregularities from the Sun. 
[87] showed that the generation spectrum of solar cosmic rays 
in this case undergoes significant changes in the region of low 
energies a t  sufficiently large values o f t .  
Fig. 14.34, where the' dpendence of concentration of solar parti - 
cles a t  the Earth's orbit on (i.e., on their energy) is shown 
for u = 0 (continuous curves) and u =-3.16x107 crn/sec (dotted 
curves). 

* [Ic 35; Lu[, 1371 

Calculations 

It is obvious from 

Fig. 1 4 . 3 4 .  Dependence of the concentration of solar padicles 
orbit OR their energy for u = 0 (continuous carues) 

1 O7 crPJsec (dotted curue). 
The change with time in the concentration of solar 

of different energies at  the Earth9s orbit is shown in F ig .  lh3,35 
where the continuous Curves a re  plotted without considering the 
motion ( u = 0 )  and the dotted Curves, for u = 3,16x1O7 cm/s 
In the case of particles of the same energy 1022 cm2/sec )s 
their concentration a t  different values of u change in accor - 
dance with Fig. 14.36 where continuous curves refer  to the 
Earth's orbit and the dotted curve, to r =: 3 a,u. AS is obvious 
from Fig. 14.36, the motion of irregularities has the maximum 
effect on particles of nonrelativistic energies 1020 cm2/sec) 
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Fig. 14.3.5. Change with time in the concentration of solar particlps of differ- 
enl energies at the Earth's orbit fop  u = 0 (continuous cmwes) 
and u = 3.16~10~ cm/sec (dotted curves). 

by displacing the t ime of maximum intensity towards  lesser 
values of t in accordance  with (14.70). 
decrease a t  sufficiently l a rge  values of t i nc reasees  significantly 
on increas ing  u. 

In this  case, the rate of 

These r e su l t s  of calculation apparent ly  do  n o t  give a base  
to conclude about the exponentiaL na ture  of decrease in the 
intensity of so l a r  par t ic les  but it i s  beyond any  doubt that ,  owing 
to  rad ia l  motion of magnetic i r r egu la r i t i e s  f rom the Sun, the 
intensi ty  on t h e  E a r t h  d e c r e a s e s  m o r e  quickly than accord ing  to 
law 
ly l a rge  values of t, 

t -3 /2  espec ia l ly  fo r  low-energy par t ic les  and at  sufficient 

The motion of magnet ic  i r regular i t ies  does  not  have a n y  
effect on  the spec t rum of so l a r  par t ic les  in t h e  beginning of the 
outburs t  and  during the initiaL per iod of dec rease  of intensity a t  
the Ear th ' s  orbit .  
l a t e r  s tages  of a n  event  espec ia l ly  for par t ic les  which give rise 
to polar c a p  absorp t ions  of s h o r t  rad io  waves. I t  is difficult to 
de tec t  this  e f fec t  exper imenta l ly  due to t h e  possible exis tence 
of a variable background of low-energy par t ic les  in the i n t e r -  
planetary space  ( see  Section 1 1 )  and  due to unsuitabil i ty of diffu-  
s ion  approximation at energ ies  
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However, th i s  effect can be significant a t  
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Fig. 14 .36 .  Change with S 
rialocities of 
r L- 1 a.a. : do~ted cume -for  Y = 3a. 

For explaining the limits of applicability of diffusion appro- 
ximation, it is important to consider some Gther limitations a s  
well (in addition to those mentioned in Section 14) imposed by 
the interplanetary magnetic field (for example, anisotropic 
diffusion) and properties of the  source (finite dimensions, posi- 
tion on the solar disk, etc.). 

15.1 Anisotropic diffusion, Let us consider a point, 
instantaneous source situated a t  the origin of coordinates. 
Putting 
get the solution of (i4.27) in the form 

= 1 and assuming diffusion to be one-dimensional, we 

x -.__ h 

(15.1) 
fwo e X & t .  n ( R  x s  t )  = 2# * 
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This result is important for quantitatively explaining the 
observed transformation of the spectrum of solar particles with 
time and for explaining the dependence x(R). 

Diffusion of solar particles in the presence of quasiradial 
field can be the  cause of displacement of maximum outburst for 
f lares of different types. It follows from equation (14, 8), that 
the duration of time interval from the commencement of t h e  
outburst to the maximum a t  a fixed distance from the  source is 
inversely proportional to diffusion coefficient: tmax- -1 and 
consequently, to the transport range: t,,, - A-1. Taking this 
into consideration, it is  apparently possible to understand the  
displacement of tmax of type B and C outbursts with respect 
to tmax of type A outburst in the light of the concepts of the  
twisted interplanetary field. A S  mentioned in Section 10, type A 
outbursts a r e  caused by the flares on the western limb of t h e  
Sun when the twisted lines of force of the regular interplanetary 
field directly connect t h e  Earth to the active region responsible 
for  the flare. Outbursts of tvpe B are caused by chromospheric 
flares near the central meridian of  t h e  Sun when the  direct  
magnetic connection between the Earth and the Corresponding 
active region can be absent, 
t h e  f i r s t  case diffuse parallel to the lines of force and in the 
second case, perpendicular to them, we get the ratio: 

Assuming t h a t  solar particles in 

for outbursts of 
a r e  the  mean free 

paths parallel and perpendicula Id re  spective Zy. On 
the other hand, according to L.1, Ilorman [51], the ratio of 
these mean free paths is equal e0 

(15.3) 

f rom which, for protons of not very large energies, we get 

I 

(15.4) 
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of (15.2) and (15, 4), it is possible to find out t h e  
gular component of t h e  interplanebry field: 

f -- - en (I  5.5) 

A ar approach was  made in the work of B. 
mksk i i  to two groups of flares: flares of the f i r  
oc:surred in the regions responsile fo r  Forbus h reduction (diffu- 

die1 to the lines of force) while flares of the second 
the regions not related to Forbus h reduction (diffusion 
uhr to t h e  field). The obtained ratio t /t is 

qual to 3, If the value of about 4 k l 0 ) l  cm, 
.S, KamineaPetal* [I, 351 for the 

and if the  energv of pa 
v, we get ~ ~ - 4 ~ 1 0 - 5  gauss = 
th the results of direct measur 

en for hil 

section 13,2), 

ct of the radial interplanetary field 131-1 the diffusion 
amic rays was also studied by V.1, Shhshov 1501 (see 

A s  suggested by 
r e  can develop in the Ka 

~~~~~~~~ way: acceleration of particles e0 the energies of 
cosmic rays t a k e s  place in the region of solar flare; 
accelesaked particles a r e  captured bv magnetic fields in t h e  
solar region in a volume of radius r o z  0.2-0.  4 a.u. ; particles 

m t h i s  volume increase t h e  intensity of cosmic rays 
nes on t h e  Earthss surface; a small  fraction of 

the 

t ides is reflected by the external trapping field surrounding 
Sun and the E a r t h  which leads to isotropization of the beam. 
h a model of flare leads to the following heterogeneous diffu- 

s k n  equation: 
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where r is the radius vector in the spherical syshem of coordi- 
nates. 
form 

The solution of equation (1 5,5) can be represented in the 

where @ (z) is the probability integral. 

Analyzing the data ay 4, 1960 flare, McCracken [4] 
arrived a t  the conclusion 
stations can be explained by the model in which the source 
occupies a volume of radius about 0.25 a. u. 
observations from t h e  Earth, the angular dimension of t h i s  
source will  be @ p 3 O o .  
the source was used byN.S. Kaminer [lo61 for calculating 
shock zones. The analysis of e ' ental data,  made by 
Firor  11.71, shows that the valu 30 mostly corresponds 
to reality. This conclusion is true, in particular, for the 
February 23, 1956 flare [I. 21. 

the  delay of the effect at different 

On the basis of 

Such a value of angular dimension of 

Using the model of injection of particles a t  a distmice of 
0.25 a. u. from the Sun, it is necessary to take into account 
their ColleGtive interaction right up to this distance, 
as mentioned by McCracken [4], on the basis of th i s  model, it  
is impossible to explain large pitch angles of particles observed 
during May 4, 1960 flare a3 we11 as the  ratio between the den- 
sities of the energy of interplanetary magnetic field and solar 
cosmic rays. 

However, 

15.3 Dependence of the  effect of flares on their helio- 
- coordinates. 
particular, explain the dependence of the amplitude and time 
scale of cosmic-ray outbursts on heliolongitude of corresponding 
solar flares. For quantitative explanation to th is  dependence 
a s  well a s  for describing the  concluding phase of a flare of solar 
cosmic raysr it is necessary to consider the possible changes 
in diffusion coefficient on increasing the distance from the Sun 
and the dependence of diffusion coefficient on direction. 

The elementary diffusion model cannot, in 
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Existence of the regularized radial magnetic field in the 
solar system makes the diffusion of particles anisotropic and 

in the general case is a tensor ob second order. AS 
6 .  F, Krymskii [94] assumed that 

a r e  diffusion coefficients along 
and perpendicular to the - r p  where Pa 0. The 
process of injection of particles from the Sun is considered to 
be instantaneous and taking place a t  one place. 

r\ 

Under these assumptions, the time variation of solar 
particles was calculated by K r y m s  
from the Sun and at  various angles 
of observation point and the point of particle-emission. Such a 
calculation can be used, for example, for analyzing the outbursts 
of cosmic rays due lo flares on the invisible hemisphere of,the 
Sun, for comparing the outbursts on the Earth and a t  significant 
distances from it, etc, 
i s  described below. 

ious distances 
adius vector B 

An analytical solution of this problem 

In the spherical system of coordinates with polar axis 
passing through the ejection-point of 
equation has the form: 

rticles, the concentration 

dn - (15.8) &I 
-- --- 

A t  the initial condition 

(I 5.9) 
following solution of (15. 8) was  obtained in [94]: 

Here I is the Bessel function with imaginary argument, pk is Legendre 3% polynomial, 3eQ is the radial coefficient at 
r = roand*k=[(1tp)2 - 4(q/x11)  11 4 (k t l ) ]1 /2  j (2-R). 

354 



PROPAGATION OF SOLAR COSMIC RAYS 

The expression (15.10) gives the solution of this problem 
for the index f3 within the limits 0 4 8 ~ 2 .  The results of 
Section 14.6 show that P f l .  Equation (15.10) can be tabulated 
on electronic computers. 

15.4 Anistropy of solar  particles in diffusion approxima- 
tion. A beam of particles*dn/dr, directed from the Sun, must 
be observed on the Earth's orbit some time after the chromo- 
spheric flare. ItJeads to  anistr*y whose amplitude, by taking 
into account (14. ?),'will be Atermined by the relation 

x dn/dr - r -- 
'1= nv 2 v  e (15.1 1) 

Let us  consider the following problem in order LO 
evaluate the degree of anisotropy of a beam of solar particles 
in diffusion approximation by taking into account the angular 
distribution of their velocities. Let N particles be emitted 
f rom a point, instantaneous source, situated in an isotropic 
infinite medium, at time to = Q .  Then at t >to-,. there will 
be n(r,  t ,  p) dp d r  particles in the interval between r and r t d r ,  
the velocities of which will make an angle of 8 with the direction 
of r and therefore, cos0  lies between p and p t dp = cose  ). 
From this, we get 

+l 

n(r, t)=dr J n(r, i, p)dp. (15.12) 
-1 

Let us further assume that the dependence of n on t can be 
expanded a8 

CE) 

ptni (r, t) = plo (r, 1(Tr t)+p*n,(r, f)+ ... 
(15.13 

and the dependence on angle is very weak because of which we 
have to limit ourselves with the f i rs t  two terms of the expansion. 
Then, the first t e rm will define the concentration of isotropic 
beam of solar particlea and the second term,  the concentration 
of anisotropic beam. The higher-order terms will describe the 
minute details of distribu$ion of particles and therefore, can be 
neglected [43]. 
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Determining the functions no nd nl w-hich do not depend 
on p and putting them in  (15.13) , we get fa?] 

whereT= 3r/2tv 
beam of solar 

is 3 times more 
in contrast to 
form of an exponent 
t e rm depending on t 
that under the as sump ti^ 
(1 5. 14), the amplitu 

'is inversely proportional to velocity of the particles and time 
f rom the commencement of the f lare .  

relative anisotropy for the 
ies of which make an angle 

( ) I = c o s @  )w 

e o b s e ~ ~ d  not in the 

s lar  particles of concentr 
ins the maximum 

ned by the following relation: 

Equations 115.14) and (15.15) can be verified experimentally by 
measuring anisotropy of solar cosmic rays in th& interplanetary 
space. 

1 5 . 5  Time variation of solar particles and geometry of 
diffusion process. As was shown in previous Sections, solar  
protons injected into the interplanetary medium diffuse to the 
Earth by scattering at the "fzmzen" magnetic irregularities which 
were uniformly distributed in the interplanetary space. 
other hand, it is known that solar corona does not always have 
spheric81 shape and that the magnetic field of solar wind is 
twisted into Archimedean spiral  due to  rotation of the Sun. In 
this connection, Boldt [I071 made an attempt tc show that the 
observed moment of maximum of the time variation of solar  
cosmic rays is an ambiguous indicator of the geometry of 
Biffu sion process . 

the 
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The distribution function fo r  particles, diffusing between 
scattering centers of a passive medium, corresponds t o  
Smolukhovskii's generalized diffusion equation which is of the 
form 

is the drift veloci the medium (i. e . ,  velocity 
lar wind) and Y = while%= w i j  is the diffusion 

tensor (i, j zs 1, 2, 3)  consisting of 9 terms. 
velocity of diffusing protons ( 4 1  0 l o  cmlsec)  is  more by about 
3 orders than the velocity of solar  wind, it can be assumed that 

Since the 

u = 0. 

Let us  consider two extreme cases:  1)  three-dimeasiona 
isotropic - diffusion characterized by diffusion coefficient Xij = 

(gij is the delta function) and 2) one-dimensional 
ion defined by diffusion coefficient 'Xij = 0 a t  (it j)  # 

(1.1 ) and X i  1 
emitted a t  the moment to  = 0 at  the origin of coordinates in  an 
infinite medium. 
bing boundary ro is concerned, the solution for  infinite medium 
is  approximately valid [I. 611 under the condition that the 
observations a r e  restrict d in space and time, 
and t & 1 0-1 (rZ0/x ). 

= Mi. Let us assume that the particles were 

As f a r  a s  the physical situation a t  the absor- 

1 r \ ro 

. 
In the case of three-dimensional isotropic difhsion, 

solution of diffusion equation (1 5.16), satisfying these limitat - 
ions, is of the form 

and in the case of o n e ~ d i ~ e ~ s ~ n a l  diffusion 

The solutions of equations (15. 17) and (15.18) a r e  sirnil: 
in form to the corresponding solutions of the problem o 
straying of particles with velocity v and  step length L [41]. 
F o r  the case of three-dimensi-cmzal diffusion, we get 

(1 5.1 9) 
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In the one-dimensional Case , the so~u t ioa  of the problem 
causal straying8 has the form 

(1 5.20) 
ring (15.19)with(15.17)and (15.20)with (15.18)we get 

For a given observation point r, f rom (15.19) and 
-20)  , we find that the intensity becomes maximum at the 

ent tmax defined by the relation 

.21) and (15 .22)  in ( 1 5 . 2 3 )  , the relation for 
rewritten in a form which facilitates better differen- 

o extreme cases.  F o r  isotropic diffusion (15.211, 

e ~ e - ~ i m e n s . i o n a l  case, 

n from this that when 
a s e  of three-dimensional diffusion became8 

Moreaver the exit of particles beyodd ro 
s earlier than in the c2se of one-dimenG 

diffusion. 
cant at t -<- t max for one-dimensional diffusion 
for  isotropic diffusion. According to  the above- 

ions imposed on the idealized solutions, 
can exist when ( r / ro)2  a 115. 
bservations on the Earth will be comparatively 
e- d i m ens i ona 1 c omp onent of the di ff u s i on 

8 .  In other words, the-role of one-dimensional diffusion 
be obcerved under present conditions qf obsewa t ion~ .  

On fulfilling 

15.6 Diffusion rnpde'i for the initial-stape of a flare.  
work of Reid [lo81 , anmttcrnpt has been made to  explain 
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the initial anisotropic phase of a cosmic-ray outburst on the 
baeis of the follawing model. 

Protons from a flare diffuse along the Sun's surface in  
a thin layer  of it8 atmosphere (two-dimensional diffusion) and 
gradually impregnate into a tube of the lines of force of the 
interplanetary field. 
surface with the Earth 's  magnetosphere. 
protons .near the base of solar-terrestrial  magnetic tube 
increases on the solar surface, the flux of protons on the Earth 
will a lso inc rease by remaining anisotropic. 

One of these tubes connect the Sun'P 
As the density u of 

The region of so la r  atmosphere, where the diffusion 
takes place, is considered to be thin as compared to  the dimen- 
sions of the Sun and therefore, the problem can be solved with 
the help of the equation of two-dimensional diffusion. 
Reid's model radically differs from the model of LGst and 
Simpson [ l .  31 who, for explaining the delay of particles f rom 
the February 23, 1956 flare,  studied diffwsion through a 
spherical volume extending ap to  N 50 re. 

Thus, 

Let u s  now determine the surface deneity U of particles 
a t  a point situated on the solar disk at  a distance r f rom the 
place of flare. Let ut? also assume that the rate of filling of 
a given tube of force by particles is proportional to  surface 
density near its base. 
f rom the internal corona, the corresponding diffusion would be  
of the form 

Had there been no leakage of particles 

(15.26) 

where 192 is  the two-dimensional operator ( 373%'+ 
N-particles a re  instantaneously liberated at r = 0 and to = O  
the corresponding solution of equation (15.26) will be 

(15.27) 

If it is  assumed that k.particles a re  lost at  the given point in 
unit time, the equation (15.26) takes the form 

(1 5.28) 
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This equation has the solution 

N 
4m2t 

=- (1 5.29) 
In these equations, a 2  is the diffusion coefficient whose 
physical meaning will be discussed later. 
CUSBiOn, it is assumed that the leakage of particles from the 
Polar atmosphere takes plac 
interplanetary magnetic field. 

In subsequent die- 

only in the tubes of force of the 
, 

If all the tubes have similar configuration, the observed 
flux of particles will be simply proportional to the total number 
of particles in a tube. This assumption is of great significance 
for analyzing the anisotropic stage of th September 28, 1961 
flare. 

The rate of filling of a tube of force, connecting the Sun 
and the Earth, is proportional to the surface density U of 
particles near the base of the tube at a certain moment 7 before 
observation, whe re 
of particles from the Sun to  the Earth at a suitable velocity. 

is the time of rectilinear propagation 

Basing on these assumptions, Reid obtained the 
relation 

1 
where F' (t) is the rat  
moment t,  A = const and t' = t ..- z 
(15.30) that 

lux with time at  the . It follows from equation 

rz - kt'. AN In [t'F' ( t ) ]  = In - - - 4.m= 4aY (15.31) 

This relation shows that at low values of t '  (i. e . ,  for 
the anisotropic phase of a flare), the graph of ln[t'F'(t)] a s  
a function of l i t '  is a straight line with an inclination - 
from the tube, a r e  neglected, this dependence at  la ter  moments 
of time must change proportionately to  t '  with inclination - k. 

or214 a2. If &her factors, for example, the leakage of prQtons 

Analysis of data [I. 231 for  the September, 28, 1961 flare 
showsethat the linear dependence, predicted by formula (1 5.31) 
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at lowvalues of t ' ,  is observed during the 
of particles with = 330 
0.75 hrs- l  f o r  particles wi 
change in inclination at  l /t ' 
energies approximately correspondt? to th 
which good conformity of 
eional diffusion was obse 

. .  

flare to the base of 
d assume that the 8 

large -errors. 
~ ~ p r ~ x i ~ a t i o n  is 

l i o l ~ g i t u d e  h e 6 0 W .  The Bare had occurred in the region - 3O0E, i. e . ,  the distance along the longitude is of the order 
of 90°, and therefore, it can be approximately put that 
r = 114 2 n rQ= 1 . 1 ~ 1 0 ~ ~  cm. 

In acc ordancc with diffusion theory, the diffusion 
coefficient is expressed by the formula a2 = vh /3  where v is the 
velocity of particles and A is  the mean free path in the diffusion 
medium. Using the data of Bryant et al. [I. 233, Reid 
obtained the characteristic parameters of diffusion in the 
corona which a r e  given in Table 15.1 where v is the average 
velocity of protons in the above-mentioned energy ranges. 

Thus , the time variation of solar protons .at the ear l ier  
stages of the September 28, 1961 flare can be described by a 
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model according to  which protons a r e  emitted instantaneously 
and la ter  on diffuse in solar system with a mean free path of 
about 600 k m  by constantly getting into the tubes of forcps w 
extend deep into the solar system. 

On the basis of data on September 28, 1961 fl 
possible to evaluate the upper limit for the coeff 
losses by taking into account that the t e r m  1-214 
(15 .31)  defintely predominates over kt' at l / t '  = 0 .?5  hrs- l .  
It follabvs from this that k must be less than 1.25 hrs'l 
( 3 . 5 ~ 1 0 - 4  seeo1). 
average, exist in the solar corona at least for one hour before 
entering the tubes of force of the interplanetary field o r  they 
"get lost" in the dense layers of the solar atmosphere. 

This indicates that the protons, on an 

Let us mention that the value A N  60 k m  has the same 
order as  the dimensions of visible granules on the solar  
disk which have angular dimension of about 1 'I  correeponding 
to a linear dimension of about 780 km. 
that the magnetic field in chromosphere and near the corona 
base must have a fine structure with similar characteristic 
dimensi on8 . 

It is correct to  assume 

Reid showed that, if k is small (for example, k N 

10'5 sec'l) , the arrival of protons from flares OD. the invisible 
side of the Sun is highly probable. It was experimentally 
established that almost all the outbursts of solar particles a r e  
associated with flares on the visible s i d e  of the Sun. 
fact facilitates the assumption that the value of k in most of the 
cases i s  much less  than lom4 sec-1 but it does not eliminate the 
possibility of occasionaly observing the emission of protonsfrom. 
flares on the invisible side of the Sun. The beam of particles, 
observed in  these cases, must have low intensity but probably 
large duration. 

This 

Reid I1081 does not point out a mechanism which could 
force the protons to  move through the solar atmosphere in a 
disorderly manner. It is important to  mention that the effect 
of collisions on the motion of energetic protone i n  corona can 
be neglected. The density of charged particles (mainly protons) 
near the corona base is  approximately equal to 3x108 cmo3 at 
the heliocentral distance of about 1.03 re while the cross  section 
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of scattering proton-proton is about 10-2 
order of a few hundred Mev. 
free path-of a proton for scattering will be - 3 ~ 1 0 ~ 7  cm, i. e., 
about IO6 times the circumference of the Sun. Thus, it  can 
be confidently considered that the interactions, respo~s ib le  
for diffusion of protons, must be magnetic in nature. 

cm2 at energies of the 
F r o m  here, the average mean 

It is necessary to point out that only the initial stage 
of a flare of cosmic rays is analyzed in Reid's mode[. 
crease in the flux of solar particle 
represente evacuation of tubes of force which at the earlier 
(anisQtrOpic) stage were filled due to diffusion. 

The de- 
at a later (isotropic) stage 

The nature of the phase of decrease often abruptly 
changes with the commence ent of geomagnetic s torm which 
is usually observed 1-2 days  after a chromospheric flare. 
These sudden changes can be qualitatively unde<rstood on the 
basis of Reid's model [loa], The sudden commencement of a 
magnetic storm on the Earth is apparently caused by the arrival 
of a noncollidi ck wave, In the interplanetary medium, 
which s eparat 
wave) from th of high-velocity s wind (after shock 
wave). Since tion of the ground t of force oq th 
Sun is determined by the curvature of the l ines  of force, which 
decreases with an increase in the velocity of solar  wind, t 
propagation of shock w w e  must be accompanied by a quick 
displacement of the point, connecting the Earth and the Sun, 
towards the east. Fo r  example, i f  the velocities of the solar 
wind before and after the shock wave are  respectively equal 
to  400 and 1500 kmlsec,  the arrival of shock wave will be 
accompanied by displacement of the connecting point from a 
longitude of 60% t o  the longitude 1 5 W  with respect to  the 
central meridian. This displacement leads to a change in the 
value of r in Reids's model and possibly, later on, gives rise 
to a sudden change in the flux of protons on the Earth! Details 
of this change, in every case, will be defined by the configurati 
of the lines of force of the interplanetary field between the 
shock wave and the cloud of solar plasma which pushes the wave. 
However, in the long rim, an increase in the flux w i l l  be 
observed if the new connecting point lies near the pl 
o r  there will a decrease in the opposite case. 

Tegion of quiet solar wind (before shock 

Thus, Reid's 
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model gives a simpler picture of the effect of magnetic s torm 
on propagation of solar particles than the model with protons 
captured in the t rap  of the type "magnetic bottle". 

At  present, much attention is being paid t o  different 
models of anisotropic diffusion of solar cosmic rays  (see 
McCracken et al. [log], Axford [l lo], Burlaga [ I l l ] ,  Kondo 
et al. [112]. 

16. KINETIC MODEL 

As mentioned earlier,  the characteristic feature of the 
interplanetary magnetic field, defining the process of propaga- 
tion of energetic protons, is the existence of irregularities of 
dimension 1010-1012 cm which is comparable to  the Fadius of 
curvature of cosmic particles but is small a s  cornpared to the 
dimension of the solar system. The irregularities scatter or 
reflect the energetic protons forward and backward along the 
lines of force of the large-scale field which leads to straying 
of particles in the reference system associated with the 
irregularities. 
compared to Larmorov frequ,ency, the particles diffuse e a k l y  
in a direction transverse to the lines of force. The tn0tio.n of 
particles in-between the acts aE scattering is described-by the 
model of the guiding center. Op the other hand, if 3-04) the 
diffusion transverse to  the lines of force is very significant. 
obviously, the diffusion coefficient, describing these arbitrary 
strayings, represents a tensor*.. while its component parallel 
to  the field is much more than that in the perpendicular 
direction. In this case, it  is necessary to use more kiigorous 
mathematical treatment based on the probable nature of distri- 
bution of strayed particles in the interpfanetary space. 

If *o<Cp,i. e. , if the scattering is rare as  

1J 

16.1 Statistical study of anisotropic diffusion. It is . 
clear  fr& the abuve-mentioned facts that diffusion of solar 
particles in the interplanetary space, in general, has 
anisotropic nature. 
planetary field of configuration, described in Section 13.2, 
actually consists of two diffusion movements:'l) " one- 
dimensional diffusion" along an isolated tube of magnetic lines 
of force of mean free path 41 which is equal to the average 

Moreover, their motion in  the inter- 
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distance, measured along the lines of force, between irregulari- 
ties of the field and 2 )  "three-dimensional diffusion" related 
to chaotic changes in the direction 
average length 5 of the quasiregular section. 
such a model of motion of solar particles, it is apparently 
possible to apply probable consideration of the problem are was, 
for example, done in the  work of G.G. Getmanterev [I331 the 
results of which a re  described below. 

of field in space at  the 
In the case of 

The probability of displacement of a particle in the 
case of one-dimensional duffusion is determined from tlie 
exp re s 8 ion 

f 

The coordinate x is measured along the lines of force of the 
interplanetary field, P&t=Ni Q5j2 where IN1 is the total number 
of "collisions 'I of the particle with the irregularities during 
a time t. The probability of displacement of a particle in the 
case of three-dimensional diffusion can be written as 

w 

(1 6.2) 

where Nzez = x is the total path covered by the particle along a 
line of force during time t. 
the inequality. r x 4 Nle1. Therefore, the required probabi- 
lity ai(,, t) can be found out by integrating the product Q I X ~  

for the, interval difined by this inequality. 
integration is possible only in two extreme cases. 
these cases we get the relation 

The value of x apparently satisfies 

Approximate 
In one of 

applicable at ( r4/2t1 2 )  1/6 -1. In other extreme case 
[(r4'/3ete22) 1 / 6 d d 1 j  .the corresponding equation for a 3  b s  
the f o r m  

(1 6.4) 
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1 

is a characteristic feature of expressions (16. 3) and (16.4). 
- In this connection, it should be mentioned - that the result, 

correct in the statistical sense, is possible only a t  I-/$>> 1. 
The product W 3  d r  apparently defines the probability of 
existence of a particle after time t in the spherical layer 
4sr2dr wifh center at the origin where the particle had existed 
at  t = 0.  As shown by Chandrasekar [41], the diffusion equation 
represents only a new interpretation' of the problem of arbitrary 
strayings by using the concept Qf diffusion coeffieient X .  There- 
fore, just like expression (14.7) the function ce at a given 
generation spectrum of aolar 'cosmic rays can be interpreted 
as  the concentration of particles at time t at a distance r f rom 
the source. 

The presence of t e rm r- , i. e., peculiarity at r-0, 

---- 16.2 Transport equation for solar particles and considep 
ation ---- of the effect of regular interplanetary field. F o r  describing 
the space-time distribution of solar particles, it is possible to 
use, in addition to diffusion equation, the method being applied 
in the theory Qf transport of neutrons. Such an approach helped 
V.I.  Schishov [50] to estimate the effect of quasiradial inter- 
planetary field on diffusion of solar cosmic rays. ShishovI501 
assumed that in the interplanetary space, there misted radial 
magnetic field of intensity H(r) (r is the distance f rom tWe Sun) 
and magnetic irregularities at which cosmic particles were 
scattered isotropically. The value of radial magnetic field 
can be easily characterized by Larmorov frequencywseaE3[/mc 
a s  well a s  by Larmorov radius f = VI*, (it is asaumed that 
f >>a --radius of magnetic irregularity). 
magnetic irregularities in space is characterized by the average 
time of f ree  run a% while by the te rm f ree  motion of a particle, 
w e  mean the motion under the action of only radial field. F o r  
simplicity, it is assumed that does not depend on coor 
The effect of radial field will signifhaant only at 0 >1/ 
Since decreases increasing the distance from the Sun, 
the region of this effect will be limited by some boundary 

The density of 

r = rb. 

If N relativistic particlee of th same velacity v are 
instantaneously emitted from a point, situated on the Sun's 
surface, in the radial direction at time L =  0,  then as shown in 
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cove 

The value of rb is det 

to  equations (16.5) and8(16. 6) 

e follming way: 
r/rZb. ~t is necessary to the follswing conditi 

If it is considered that 
effective value ?ce is taken and 
ie neglected at &e values of r r and 
n be separated: 

where 

At large values of t ,  
polynomial 
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€n 

Y = 2 (2k -+ 1) Pk (cos 8) exp I- k (k+ 1) (16.10) 
k-1 

and only the f i r s t  few terms can be used. It is obvious from 
(16.10) thatY-+l a t  t M. 
and t>(l .  3 pb)2/6 -gr has the form 

The parameter T(r,  t )  at r > rb  

(16.11) 

Therefore, .the following relation is  valid within certain 
limits: 

It should be mentioned that equation (16.5) describes 
the process of diffusion satisfactorily only a t  large values o f t .  
As it follows from the equation (16.12), the concentration of 
particles at a point with coordinates r and 8 becomes maximum 
rt 

(16.13) 

If the lines of force a re  not directed radially but a r e  
twisted and if their curvature can be neglected at a digtance of 
the order of mean free path; ,equation (16.5) is applicable only 
if r is taken a n  the length of path along the line of force and 43 
as the angle between the direction of exit of the line of force 
from the Sun and the zero direction. 
particles will propagate i n  some curved cone which will widen 
with the passage of time. When the cone widens eo much that 
the region covered gets twisted slightly, then the diffusion 
gets radial in nature. 
of flight of particles and the radius, passing through the point 
of intersection of the cone axis with the surface r = rbv is 
denoted by go, it is necessary t o  write { 8 t eo! in equations 
(16.9) and (16.10) in place of 8 (plus sign"?or the eastern s ide  
and minus far the western side). 

In the beginning, the 

If the angle between the initial direction 

Observations show that particles f rom the weetern 
l i d  of the Sun reach the Earth most quickly. 
between the calculated curve (16.13) and observational data 

Best conformity 
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(Fig. 16. 1), taken ffom the work of E11ison et al. [V. 23, was 
obtained at eo = 750 and l /  
a t  H- r-2. Putting +$/*re 
sec) fo r  relativistic particles, w 

:lf.p3)) is applicable 

where *e z x e / r b  
1~ ~ x 1 0 2 2 c m 2 /  
= 0.8 x-3 and 

= Ho = gauss. From followa that formula 
30 min e~ t 4 80 min. 

Fig. 16.1.  Dependence of the time of appearance of maximum intensity of 
solar particles on the posilion of chromospheric flare. The 
coulivtittcous curue is cnlctihted from the equation (16.13). 

The concentration of flares on the western limb should 
apparently fall more steeply a s  compared to  the spherically 
symmetrical case. 
[loo] for the May 4 ,  1960 flare in the energy range of 1-2 
Gev (Fig. 16.2). comparing the observational data of 
Sulfur station with the curve calculated by conside ring the radial 
field [5O], the values A = 5 ~ 1 0 ~ 2  c m  and Ho =10-6 gauss were 
obtained. According to the data of A.N. Charakhch'yan e t  al. 
[53], this effect was not observed in the region of low energies 
and therefore, H0<5x10"6 gauss at  = 1.3~1 d1 cm. 

It was actually observed by A. A. Stepanyan 

On the other hand, flares on the western limb must give 
a wide diffused maximum which was actually-observed for the 
September 3, 1960 flare (Fig. 16. 3). Satisfactory conformity 
wi th  the observations was  obtained by Shishov [50 ]  at 
A =1. 3x101 2cm and Ho = 10-6 gauss and therefore, there is. 
no necessity of assuming prolonged emission of protons from 
the flare region on the Sun a s  was done in [ 6 3 ] .  

It is however necessary to  point out that the value of 
Ho , obtained for different flares, is slightly 1- since in the 
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t 2 49 
t, hre 

Fig. 16.2. Time variation of solar particles for a f i r e  on the mestem limb 
of the Sun: continuous curve -difFcsion on considering .the radial 
field: dotted cutwe - spherically symmetrical difFrsion and 
circles-data of Sulfur station -~ fm the May 4, 1960 flare. 

Fig. 16; 3. Time variation of solar particles for a flare on the eastern limb 
of the Sun: continuous curue - difjksion on considering the radial 
f ield: dotted curue - spherically symmetrical difFzsion and 
circles - data 1631 for  the September 3, 196Oflare. 

work of V. I. Shishov [ 5 0 ] ,  it was assumedtbat 2% const while , 
in reality, 9- r. If one considers the dependence of Ton r it leads 
to an increase in  the value of by 2-5 times. The assumption 
of the dependence Z(r )  has a weak effect on the equation 
(16.13) and therefore, the value of 10-5 gauss can be considered 
to be more correct. 

Therefore, on an average, Ho = 5 ~ 1 0 " ~  gauss near the 
Earth's orbit. 
t y  of field higher by about one order. This difference can be 
explained by the fact that the intensity of the field at the 
ecliptic plane is more than that averaged for  a sphere. 

Rocket observations give the value of the intensi- 
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A method is given in another work of V. 1. Shishvo 
[I141 f o r  determfning the value of regular component of the inter- 
planetary magnetic field near the Earth's orbit f r o m  a study of s 

the effect of dr on the direction of maximum flux of particles 
coming from the Sun. Here, use is made of the fact that high- 
energy solar protons a re  practically led by the lines of force of 

initial stage of some flares ff-or example, May 4,  1960 f la re  
[4]), the width of the angular spectrum of particles, reaching 
the Earth, is very small and therefore, they can be considered 
to  be practically flying along the lines of force of the regular 
field. If the ema11 effects of scattering at the irregularities of 
the field a re  neglected, the propagation of particles corres-  
ponds to the equation of motion in the drift  approximation [115]. 

netic field [4]. It is also known during the 

where -the average rate of motion of guiding center 
of the par t ide;  

-the unit vector along the line of force  of the mag- 
netic field; 

-the unit vector of normal to the line of force; 

r -the radius of curvature of the line of force;  w 

@ -the Larmorov frequency; 

+u -the component of the velocity of particle along 
the line of force; 

*the component of the velocity of particle per- 
pendicular to the line of force. 

Since the particles mainly move alorrg the lines of force 
2~ ), it can approximately be written that 

(1 

(16.15) 
W 
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The direction of vector v is actually the direction of the axis of 
symmetry of the beam of particles reaching the Earth , 

by which the direction of the axis of symmetry 
iated from the direction of the line of force 
te rmined from the following apprsmimate 

relation: 

(I 6. I 6) 

If r is the distance from the Sun, LL 
of rotation of the Sun and i f  u is the velocity of the solar wind, 
the lines of force of the regular magnetic field will make an 

with the radial d i  tion; (Q and r in this case a r e  

is the angular velocity 

0%. 

ed from the relatio 

Formulas (1 6.17) and (1 6.18) a r e  valid only near  the ecliptic 

of the magnetic field from relations (16.16)-(16.18). The angle 
can be determined by comparing the directions of the axis 
ymmetry of beams of particyes having different etlergies 

0 is known, it is possible to  find out w and intensity 

8 cv 1 / 0 - &  ~ 

F o r  the May 4, 1960 flare, the direction of axis of 
symmetry of the beam of particles with 
component) coincided with the direction of the axis of symmetry 
of particles with f =1O1o ev (mecizon component) with an 
accuracy of 50[4]. F r o m  this e&@. 1 radian for 
particles with 6 =1O1o ev. If 1, then from equation 
(16.18) we get r '=z 1 . 5 ~ 1 0 1 3  cm. 
cmlsec,  we get ~3 ~ 2 x 1 0 ~ 2  seco1. 
gauss. 
order of l / w  , the obtained estimate refers to  the region near 
the Earth and is the average f o r  the interval approximately 
equal to Larmorov radius of 10'2 cm. 

~ 3 x 1 0 9  ev (neutron 

Similarly, putting WVtr = 3x1 01 0 

Since d r i f t  schedule is established during a period of the 
F r o m  this, B >, Z X ~ O - ~  

- 

16.3 Kinetic equation in Fskker-Planck approximation. - 
A s  is shown, some flares show strong anisotropy in angular 
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distribution of high-energy solar protons a t  the inifial stage of 
the flare. 
this period do not undergo significant deviations. 
approximation is not valid in this case and it i s  necessary to 
use more general equatione. 

It means that protons reaching the Earth during 
Duffusion 

Measur ements' on interplanetary magnetic field with the 
help of "Mariner-2" [ZO] show that near the Earth's orbit, there 
exists an irregular magnetic field with mean square intensity 
H = 3~10.5 gauss and dimension of irregularities ;O 1011 cm. 
Relativistic proton E = 3x1 09 ev scatters a t  such an irregularity 
through an angle 4 2 0 ° .  
kinetic equation in Fokker-Planck approximation for describing 
the propagation of high-energy protons in the interplanetary 
me diu m. 

Therefore, 3t is possible to u s e  the 

e 
$ 

The work of V.I. Shiehovfl16] is devoted to  the eolution 
of Fokker-PIanck equation applicable to a solar f lare and main 
attention has been paid to the explanation of conditions under 
which it is possible to observe strong anisotropy in the angular 
distribution of solar protons. 

Basic equation. W e  will assume that the interplanetary 
magnetic field con&ists of two componc.n*-. 

(16.19) 

where 8, is the regular magnetic field (it approximates the 
large-ecale fields whose dimensions a r e  much more than the 
Larmorov radius of a particle) and B1 is the uniform casual 
field with can be described by the expressions 

where a is the characteristic radius of the irregularity, g2, 
is the mean square intensity of the arbitrary field and B l r  - 
B13 
vector in the 8 herical system of coordinates i = r,? , 5 . 
The angular brackets indicate the average for the three- 
dimensions. 

and "1% a re  the three-dimensional components of the 

The magnetic field is considered to  be stable. 
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Let us denote the unit vector in the direction of motion 
of particle by k( k = 
duriqg the interval 

VI). For  the change A k  in vector k 

where m is the total mass of the particle while h t  is selected 
in such a manner that the particle can pass through a sufficiently 
large number of irregularities and at the same time, its 
deviation from the initial direction is small. With the help of 
equations (16.20) and (16.21), ,we obtain 

where 8 and Cp a r e  the angular coordinates; is measured 
from the.radius and is the azimuth angle. The parameter 
q = 2 B12ae2  G / r n c 2 v  [see-I] represents the diffusion coeffi- 
cient in the angular space. 

Using these expressions and basing upon Markov's 
equation, re1 ing the values of distribution flinction N ( r ,  
t) at t and I: t t ,  we get the kinetic equation in Fokker-P 
app roxirnalion: 

where N(r, 6 , 'p , t )  dr dk is the number of particles i n  volume 
d r  and with velocitiee directed in solid angle dk. 

The energy of a particle does not change during scattering 
at irregularities since the field is considered to be stable. A 
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similar derivation of equation (16.23) can be fohnd in the work 
of Chandrasekar [4 1 1. 

Spherically symmetrical flare. Let us f i rs t  of all cone 
eider a point sphe rically-symmetrical f lare in an infinite 
homogeneous medium. 
condition in this case will be 

The kinetic equation and the initial 

dN sine- (16.24) dN dN sin0 dN 1 d  
af -+$-coseT--'o----- f de - q s i n e  -- de 

(1 6.25) 

Moreover, N(r ,  0 ,  t) must be a peripdic and symmetrical 
function of 8 : 

N (e) = I V ( ~  + ZS), N(e)  =N(- e). ( 16.26) 
Expanding N into Legendre polynomial Y . 

N = 2 ak (r, Pa (cos 01, 
k-0 

(16.27) 

we get a chain of equations for the coefficients a from which 
expressims for  a, and al have been obtained in 11861 (it 
should be mentioned that 4a0 is the concentration and V a l  /3 is 
the flux of particles). 
on r at qt = 3 a r e  given in Fig. 16.4. 

' 

Graphs of the dependence of a. anti a1 
(continuous curves). The 

FI&. 1G. 4. Dependence of concentration of particles on distance in kkzetic 
(cont inuotis ctrrves) and dif@sion (dotted curves) afifwoximations. 
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e terms containing 
c a,, a l .  This con 
. At large value 
plicable only at 
signific ant on inc 
particles is  described 

existing in the zone r 
nt a2, "3, e t c . ,  i .  e .  

in this zone. 

velocities are mainly d rge values of t, 
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scattering. 
dependence of the intensity of particles for  directions 20,60, 
100 and 180° at distances rq/v = 1, 3, and 5 [116] 
strong anisotropy in the angular distribution of particles 
for  a spF :rically symmetrical flare is observed only at 
rq /v  ,h 1 at the time of maximum concentration (i. e . ,  No 
and N1 differ significantly). 

Results of numerical calculations of the time 

show that 

Axisymmetrical flare.- Let us assume that the particles 
a r e  emitted at the point r = 8 along the axis 
kinetic equation in  this case has the following form: 

= e. The 

+a%- (16.29) dN q a w  d sin 9 -+- - - q  
d% sin* 8d@ --- sin8 de 

Putting N in the form of a series: 
cb 

N =  ( r p  q p  8, f )  + I: [bk  (r, qt 8, f )  COS kcP + cP(rr q, 0, t )  sin hl, 
(16.30). 

R - 1  

f o r  propagation along the coordinate 5 , we get the falowing 
equation defining bb in the 'diffusion approximation: 

Following ini a1 condition : 

as well as the condition of 
imposed on  the e 

If @>>q, it is seenf rom the 
coeff ic ient, on taking derivative wi 
depend on u it also does not g et 
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(1 6.33) 

Here ... N s p  i s  the eoiution of a spherically-symmetaziical flare 
and aCt = qv2/4 r2 w 2 is the effective value of the coefficient 
in the case of derivative with,reepect t o  %. 

Let u s  now consider the effect of nonsphericity of a 
f lare  on the conditions for  observing strong anisotropy. 
shown in [116], the intensity in the case of a spherically 
symmetrical f lare grows very quickly and the t e rm 1 /s%t does 
not play a significant role in the anisotropic section of the curve 
The q o n e n t i a l  t e rm exp ( -22/4s9t)  can displace the maximuw 
into the isotropic region at ~2 2 4 ? e g t .  Thus, a strong aniso- 
tropy will be observed only in the cone rq /v  & 1, l2 L 4 5 

As 

"1 t* 
Comparison with observations. 

here can be compared with the observational data [4] on the 
May 4, 1960 flare. The direction of the axis of symmetry of the 
beam of arriving protons got deviated form the direction on the 
Sun by 50° towards the west. The particles were apparently led 
by the lines of force of the regular spiral-type field and there- 
fore, the angle in this case shwld be meaaared not from the 
the radial direction but f rom the direction of line of force at  
the given point which coincided with the axis of symmetry of the 
oeam.' Taking this into account, let u s  apply the results, 
obtained for  the radial field, to the real  field by considering that 
the other changes a r e  insignificant. 

The conclusion drawn 

, 

According to  data [41, strong anisotropy was retained 
for half an hour after attaining the maximum density of particles. 
It firstly means that the Earth during thm flare was s€tuated in 
the favorable cone. Secondly, the duration of strong anisotropy 
was defined by the duration of functioning of the source since, 
a s  shown in [1F6], duration of strong anisotropy is not more than 
a few minutes in the case of an instantaneous source. The 
values of the intensity in the directions 8 = 40° and 8 =bo0 
a r e  shown in Fig. 16.5 as a function o f t  at q = Z X ~ O ' ~  sec'l, 
r = 1 . 5 ~ 1 0 ~ ~  cm, and ? =  01. Function of the power of source 
% a s  of the form- e-(-t /To) where To = 16 min. Values Df the 
flux observed ?t corresponding points on the Earth are marked 
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by circles and triangles. 
satisfactorily describe the amplitude and duration of anisotropy. 

It may be seen that these curves 

Fig. 16.5. Dependence of the intensity of solar particles on time for the May 
4 ,  1960flare in the directions 8 = 400 and 8 = 600 with respect 
to the axis of symmetry of the beam. 

The parameter To can be the duration of function of the 
sburce as well a s  the duration of scintillation of duffusion region 
in the Sun's surroundings. 
The duration ofa scintillation of-a sphere of radius r, filled 
with a medium of diffusion coefficient IC,, is approximately 
equal to  r2.kr. Putting r = 10 re= 7x1611 cm and assuming 
the scintillation time to be equal to 16 minutes, we get 
'Mir = 5x1020 cm2/sec. 
consider that the diffusion region surrounding the Sun is sharply 
isolated. The assumption about a gradual change in duffusion 
coefficient on changing the distance from the Sun is more 
probable (See Section 14.6). 
value of diffusion coefficient at small dtstanccs. fromthe Sun 
while 36 is  i ts  mean value at lar& distances, right up to  the 
Earth's orbit (since anisotropic phase of f la re  was studied, 
the medium existing at the Earth's orbit practically did not affect 
the value of the parameters being determined). 

tion of the curve, mainly refers to  space beyond the Earth's 

Let US consider the second version. 

of course, it .is not necessary to 

In this case,  3Cr is some effective 

8 

The diffusion coefficient, measured f rom the falling sec- 
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orbit. 
et  al. [63], it was equal t o  3x1022 cmZ/sec for the May 4, 1960 
flare.  From this, V. I. Shishov concludes that the diffusion 
coefficient a t  r 4 1 a. u. significantly increases with distance 
(approximately as r2) while 
explained by the effect of regular field which is extremely 
azimuthal beyond the Earth's orbit. 

According to  the data obtained by A,N. Charakhch'yan 

r const at r >1 a.u. It can be 

16.4 Determination of characteristics of the inter- 
planetary magnetic field from anisotropic stage of a flare. A s  
shown in Section 16.3, it is possible to make use of kinetic 
equation in Fokker-Planck approximation for analyzing the 
anisotropic stage of a flare of cosmic rays with 
On the basis of this approximation, v. I, Shiehov [I171 evaluated 

the anisotropic stage of cosmic-ray flares of May 4, 12 and 
November 15, 1960. 

&k 

racteristics of the interplanetary magnetic field f rom 

It was assumed in [117] that relativistic solar  protons 
with Ek 3 109 ev und rgo small-angle scattering OR account of 
magnetic irregularities. 
on the data of magnetic measurements of "Mariner-2". Given 
below a re  the additional points in favor of the hypothesis of 
small-angle scattering on the ba-sis sf the data of McCr 
[4] for the above-mentioned three f l  

This assumption was mainly based 

1)  Proton beams from the above-mentioned t h  
had an axis of symmetry directed at an angle of abou 
towards the west with respect to  the Earth-Sun line. 
the difference in these directions was not more than 

protons with &k > 109 ev by an angle 7 20° and had the distance 
between them been comparabl to their  dimensions (porosity 
of the order of unity), the difference in  the directions of the 
axes of symmetry would have corresponded to the scattering 
angle in  the case of collision of a proton with one irregularity. 
In particular, if the dimension of irregularities i s  more than 
the Larmorov radius of a particle, the axis of symmetry can 
have every direction with the same probability. 

various flares.  Had the magnetic irregu riiies deflected I 

2 )  The average angular distribution establishes only 
after a suffici ently large number of scatterings and the refore, 
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in the case of large scattedng anglee, the intensity, which is a 
function of direction and time, must undergo significant fluctua- 
tions (with respect to  time and direction) practically during the 
whole of the anisotropic stage. Since the observations show that 
the intensity is a gradual function, it can be assumed that, if the 
the irregularities a r e  situated densly, they scatter the particles 
through s mall angles. 

3 )  If the irregularities have h r g e  porosity, the kinetic 
equation can be applied to both the cases. 
kept in view that the term, describing collisions in the case of 
large-angle scattering , represents the integral which in the 
case of small-angle scattering can be approximately replaced by 
the second derivative with respect to  direction. It is clear  that, 
in the first  case, the angular spectrum should be much more 
plane than in the second case since the particle in the f i rs t  case 
attains an arbitrary direction after scattering with sufficiently 
great probability while in the second case,  the particle changes 
its direction only due to diffusion in the angular space. Nature 
of the angular spectrum during the May 4, 1960 f l a r e  cannot be 

to be also generally valid f o r  the November 15, 1960 flare. 

Here, it should be 

- explained by large-angle scattering . This conclusion seems 

It is assumed in the work of V. I. Shishov [I171 that the 
regular magnetic field is caused by the outflow of plasma from 
the Sun which rotates with an angular velocity &- . The plasma 
moves at a constant velocity u. The irregular field i s  character- 
ized by the rate of change of the mean square angular deviation 
q [see (16.22)]. 
case, with respect to rotation through an angle =.s r/2 will be 

v /2q. 

The characteristic time of free run, in this 

= 1 /2q while the characteristic mean free path h = v Z = 
It follows from this that %C = v2 16q and q u v-2, & -2. 

Let us assume that the regular field is sufficiently 
strong and therefore, drift can be neglected. 
motion of particles across the lines of force of the irregular 
field is  due to their diffusion and it is much slower than the 
motion of particles along the lines of force of the regular 
field. To the first  approximation, the t e rms  describing the 
motion of particles across the lines of force of the regular 
field can be neglected in the kinetic equation. 

In this case, the 

It is permissible 
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only in the presence of sufficiently etrong anisotropy. 
these assumptions, the kinetic equation near the ecliptic plane 
will be 

Under 

(16.34) 
Here N -the distributim function; 

-the polar angle measured f r o m  the direction of the 
line of force of the regular field a t  the given point; 

& -the path along the line of force; 

b =& * a parameter characterizing the curvature of the line 
JI. of force. 

Solving the equation (16.34) by the method of straight 
lines, i. e., replacing derivatives with respect t o  8 by finite 
differences, in place of equation (16.34) we get a system of 
linear differential equations with partial derivatives of the 
first order fo r  thp functions Ni (t, t)  = N (Bi, t ). 

Let us ,  f i r s t  of all, consider the case of two point 
approximation ( 81 = 45q, 
N[@, 8 = 45O, t) and N2 = N( e,$= 135O, t) represent the 
intensities averaged for the intervals [OO, 9001, [900, 18001. 
For N 1  and N2, we have the system 

8, = 1350). In this case,  N 1  = 

+ Q , 7 1 ~  --$ - - (OB?2q + a) Crv, - NJB dN dN 
dt  

-- dN2 0,71 'u (16.35) - = (0,72g -a) (N2 - NJ. 
dt dl 

For the anisotropic stage of flares,  N2 in the f i rs t  
equation of the sys tern ( 16.35) can b e neglected as compared to 
N1. Therefore, we get the following solution : 

38 3 



L.I. DORMAN AND L.I. MIROSHNICHENKO 

om (16 .36 )  that the value 
go t 0.71 v /1 .44  (i], can 

averaged for the 
btained by observing 

Equation ( 16.36 1 can be used only at N1 and N 2  on the Earth. 
initial stage of a flare (approximately before N2 becomes 
maximum) when it can be assumed that the particles, flying 
backward, experience only one effective collision. 

In the case of three-point approximation ( 01 = 30°, 
2 = 900, 

N2 and N3 : 
83 = 12@), we have the follming system for N i p  

Considering N1 and N3 to be known and solving the second 
equation of the system (16,371, we get 

N, (lo, t)” 

(io, t - +I I O , ~ ~ Q  ex 
Thus, the value of the parameter q can.be obtained by 

comparing Nz with N1 and N3. Since, however, the accuracy 
determination of q is not high at N1 comparable to N3 (in the 
case of weak ianisotropy) , it  is advisable to use only the aniso- 
tropic region:,**We finally get 

t 

N ,  (lo, f) = I N, (lo, t - r) exp (- 1,924~) (0,969 - 2a) dr. (16.38) 

(16,38) ,  is the average value for the interval [ 

0 
The value of parameter 9, determined f equation 

o*3v ’ &-j 
2 q  
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This interval exists in the Earth's orbit since N 2  is defined 
by the value of N l ,  i. e. , by the f lux  of particles coming from 
the Sun. 

Similar expressions can be obtained in approximations 
with large number of points characterizing the angular spectrum. 
Obviously, the larger the number of details that can be 
differentiated in the spectrum of angular distribution of parti- 
cles from a flare,  the higher will be the accuracy of determi- 
nation of cj as a function of distance. 
observational data. 

Let us now analyze the 

May 4, 1960 flare. This flare was characterized by 
strong anisotropy and by absence of significant fluctuations. It 
points aut that relativistic protons during collision with 
irregularities were deflected through an angle of the order of a 
few degrees or leas .  h the case of two-point apprarrimation, 
N1 and N 2  cannot be compared since N2 was not observed for 
this flare. 
appeared not earlier than 1.5 hours after the appearance of 
maximum in N1. 
is appraximately equal t o  1.5 /q. 
q =  2 x 1 0 4  sec-1 for the range from 1 a.u. t o  a few a.u. 

It can,however,be assumed that the maximum in N2 

As seen from the equation (16.36), this delay 
From this, we get the value 

By compwing N1 and $I2 in the case of threz-point 
appA*mrimation, we get q = 1.5 x 10-3 eec-1. Here, it was 
assumed that b(r% ) =  1. This value of q refers to the range 
from 0.67 a.u. to 1 a.u. It can approximately be taken equal 
to 0.8 a,u. 
and 11 03, it was found that q = 5 x 10-4 sec-1. 
refers to r = 1 a. u. 

By comp.iring intensities in the directio3s 700, 900 
This value 

November 12, 1960 flase. This flare was characterized - 
by extremely prolonged stage of outburst as well as by the 
presence of two maxima. 
tropic. By comparing N 1  and N2 on the basis of formula (16,36) ,  
we get q = 5 x 10-4 sec-1. 
a distance of 1.5 a.u. f rom the Sun. 
more specific information on this flare due to low anisotropy. 

m y  the first outburst was aniso- 

This value approximately refers to 
It was not possible to get 

E it  is assumed that the second outburst was associated 
with capture of the Earth by the corpuscular beam, it is possible 
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to determine the value of diffusion coefficient f rom the relation 
between the flux F and concentration gradient : F = X ( a n  / a r). 
Considering that the outburst is maidy defined by the a r r iva l  
of the corpuscularbbeam, we get 
u is the velocity of plasma. 
observed, it can be assumed that F < 0.1 n u. 
observational data, we get 4 4x1020 cm2/sec.  The duration 
of scintillation of a region 
of diffusion coefficient , is equal to r2/* . After the 
second outburst, the characteristic time of attenuation w a s  of 
the order of 2 Lours. The dimension of the region a t  
cm2/sec shoula ,ot be more than 1.5~1012 cm. It means that 
only the forefront of the beam is densely formed while the re -  
gions following i t  a r e  filled with much weaker field. 

a n  / ar = l / u  - an/ dt  where 
Since significant flux was not 

Using the 

dimensim r ,  filled with a medium 

= 1@0 

November 15, 1960 flare. By comparing N1 and N2 on 
the basis of formula (16.36), we get q ~ 4 x 1 0 4  sec-1. The 
existence of strong fluctuations is a characteristic feature of 
this f lare  due to which i t  is, in prinAple, difficult to determine 
the value of q f rom formulas of three-point approximation in 
spite Of sufficiently Strong anisotropy. Some fluctuations were 
also observed for the November 12, 1960 flare. This effect is 
an indirect proof of the fact  that the magnetic field during 
P’member 12 and 15, .1960 flares was much stronger than that 
during the May 4, 1960 flare. 

with 
extremely anisotropic. 
f lare with time was gradual and significant fl-ictuations were not 
observed. 
981 that protons with 
scattiring due to irregularities of the interplanetary magnetic 
field and that the kinetic equation in Fokker- fianck approxima - 
tion can be used to describe their propagation. However, the 
data on anisotropy of the February 23, 1956 flare is very scanty 
and therefore, V. I. Shishov limited himself with’the study of 
onlv N 1 and N2 - average intensities of particles flying f rom the 
Sun and t o  the Sun respectively. 
theory, the eame degree of appraximatisn can be obtahed for the 
kinetic equation if the angular spectrum 18 characterized not 
by N1 and N2 but by intensity n and flux F. Both the pairs of 
values a r e  related by following relations : 

February 23, 1956 flare. Angular distribution of protons &Ta 109 ev during the initial stage of this d a r e  was 
At the same time, the development of 

Therefore, we can apply to this flare the views 197, 
& k  3 109 ev undergo small-angle 

From the point of view of the 
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(1 6.39) 
n = A (Nl +N2). 
F=B(N1--& 

where A and B are some numerical coefficients. A t  sufficiently 
strong anisotropy, n = AN1 and F = BNl, SO that very high I 

accuracy of measuring n and F 6 required in order to get 
something new from their comparison in addition to  the exis- 
tence of strong anisotropy. 
accuracy is required for getting the value of q f rom the compari- 
son of N 1  and N 2  with the help of equation (16.31). Therefore, 
at the anisotropic stage of a flare, it i s  more advisable to study 
the average intensities N 1  and N2  and not the concentration and 
flux of particles. 

At the same time, much lesser 

For determin&g 4, it is possible touse a simpler 
characteristic, namely delay in the appearance of maximum N2 
as  compared to appearance of maximum N i ,  i n  stead of directly 
comparing N1 and N2. Let us assume that N1 can be written as 

c exp (- t&), t > 0, 
N1={ 0, f <o. (1 6.40) 

It is a sufficiently good approximation to the reality since the 
stage of growth of N 1  is very small as  compared to the duration 
of the stage of growth of N2. Putting the equation (16.40) in the 
equation (16.36), we get 

Differentiating N2 with respect to t and putting the derivative 
equal to zero, we get the delay in the appearance of maximum in  
N2 as  compared to N 1  : 

(16.42) 

3f 0.72q To is of the order of one, equation (16.42) takes a 
simpler form 

1 
0.729 fmrr = (1 6.43) 
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Let us now study the dependence of hax on the energy 
af particles. 
from which it follows that tmx -., 
energy of particles, the more will be the delay in the appearance 
of the maximum N2. 
particles in some energy range 2. In this case, it 
is necessary to use the following relation in place of equation 
(16.36): 

As mentioned above, the parameter q - &-2 
E 2 i. e. , the higher the 

The position slightly changes on recording 

e, 
N2 = \ 

el 

I 

AS earlier, we wi 
To simplify the problem l e t u s  assume that.a = 0 ( i . e . ,  diver- 
gence of the lines of force of the regular field is equal to zero) 

assume that N 1  can be  put in  the form ( 16.39) 

ical calculations 11 181 s 
a s  the effective value of 

that it 
) a t  

it i s  also possible to use (16.38). 
ependence of t,,, on q is less than that 
16.37) and consequently, t,,, depends 

On 

In spite of the large of stations which had 
observed the February 23 r e ,  the data on anisotropy 
is very scanty due to following reasons : firstly, almost all 
the stations were situated a t  low latitudes and had wide asym- 
ptotic cones; secondly, they had different cut-off rigidities 
which have a significant effect on the fluxes being recorded; 
thirdly, there were very few stations eqyipped with similar 
apparatus, 
small number of stations which recorded f lare  in &e game 

_ _  

As a result, V.E. Shishov [l1 

o groups were se 

could find only a 

described in [I 11. 
itors installed 

stations while the sec 
chambers installbed a 
and Khobarl: stations, The E 
intensity and therefore, their da 

of ionization 
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as N1. 
as  N2. 
in intensity 
of the data of neutron monitors. 
zation chambers, = 25 min. Thus, this f lare  better corres-  
ponds to the model To ( f, ) = const than to the model 'J&( & ) N $ *  

For neutron monitors tmax = 25 min f rom where q ( 
min-1 where &i is &ai 

mianandq( e,)= 0.07 min' la t  n u s ;  
the obtained values of g are in line with the dependence q rv 6 - 2 .  
It should,however,be kept in view that these a re  the average 
values for different intervals and can effectively be related to 
distances of 1.3 a.u. and 1.5 - 2 a. u. for neutron monitors and 
ionization chambers respectiveiy. Ch the basis of the nature of 
time of decrease in the intensity of particles, flying f rom the 
Sun, L.I. Dorman [I. 51 found that transport range of re- 
lativistic particles, which can be recorded by ionization 
chambers, is equal to (1-8bUlO11 cm for distances of (2-5) x IOJ2 
cm from the Sun. Near the Earth's orbit, the transport range 
A %  lOI3 cm. Thus, A increases significantly with distance. 
From the sloping section of the curve in diffusion approximation, 
L. I. Dorman [ L 51 also found that A ~ 0 . 5  - 1 a.u. 
value of A is the average value for the range in which a r e  in- 
cluded the internal (with respect to the Earth 's  orbit) as well a8 
external parts af the interplanetary space. 

Data of American stations can be approximately taken 
The effective value of the characteristic time of decrease 

was fourid to be equal to'35 minutes on the basis 
According to  the data of ioni- 

1) = 0.2 
defined by the  cut-off rigidity and is' 

of the order of 2x109 ev. For ionization chambers, t-x = 2 0  
2 = (3-4) x 109 ev. 

This 

With the aid of the method described above, V. I. Shishov 
[I181 determined the values of A for particles of e n e r g y 3  2x109 
ev at different distances f rom the Sun during the flares of 
February 23, 1956, May 4 ,  1960, November 12 and 15, 1960 
( Table 16.1). 

It is Seen from the Table that the mean free path is 
either comparable to or more than the distance from the Sun. 
Naturally, the diffusion approximation is not applicable a t  such 
high value of A . 

The most-detailed information on mean free path was 
obtained for the May 4, 1960 flare since it posseased maximum 
anisotropy and since its angular spectrum was  studied thoroughly 
It i s  seen that A during this flare hcreases  with distance a s  
r2  or even more rap  i a y  . 
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TABLE 16.1 

Mean free path of protons with E ,  2 2x109 ev at  different 
distances f rom the Sun 

Date of f lare  A , cm Distance from 
the Sun, a. u. 

February 23, 1956 3 x 1012 
May4,  1960 1013 

3 1013 
-0.8 1014 

November 12, 1960 3 1013 
November 15, 1960 3 1013 

1 .3  
0.8 
1 . 0  
2. 0 
1.5 
1.5 

If the value of irregular magnetic field is  given, value 
of'a'-- characteristic radius of irregularities - - can be 
determined f rom the expression for q. Considering that w= 
10-5 gauss, we get's'= 3 x 1010 em at the Earth's orbit for  the 
May 4,  1960 flare. Basing upon the rocket data, it  can be  
expected that the field can hardly change by more than 3 times. 
Therefore, the obtained value of'a' differs f rom the achFl value 
by not more than one order. 

L. I. Dorman and L. I. Miroshnichenko [ 641 evaluated the 
dimensions of irregularities for the September 28, 1961 flare 
on the basis of diffusion theory ( see  Section 14.4). At a porosity 
of the interplanetary field of the order of one, the value of the 
dimension of irregularities - 4 x 1010 c m  was obtahed in [64]. 
Before comparing these results, it is necessary to mention 
that'a'has the significance of characteristic r dius. 
dimension of irregularities 2a is equal 6 x 10" cm. Thus, the 
dimensions of irregularities obtained for various f lares  and by 
various methods differ by less  than one order. 
can be considered to be constant with an accuracy of 30-50%. 

The total 

Practically, they 

It is interesting to compare the dimensions of magnetic 
irregularities with the dimensions of irregularities of electron 
concentration. Recently, T. D. Antonova e t  al. [119] and 
Hewish [120] showed on the basis of scintillation of radio 
sources that the dknension of irregularities of electron concen- 
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tration is equal to 108 can 
the existence of a wide spectrum of irregularities in the inter- 
planetary space is one of the possible reasons of such large 
differences in dimensions. Since cosmic rays a r e  most effec- 
tively scattered by largest i r regdari t ies ,  on analyzing f 
we get the dimens ion: characterizing these irregularities. 
Radio waves on the other hand most effectively react on irregu- 
larities of smallest dimensions; therefore; it is possible to get 
information on the other section of their spectrum. However, 
it is absolutely possible &at differences in dimensions of 
irregularities of electron concentration and magnetic field a r e  
real. 

In the view of V. L Shishov 11173, 

16.5. Boltzmann's equation. For  analyzing f h r e s  of 
cosmic rays, Fibich and Abraham E491 used the equation des- 
cribing dynam 
magnetic field 

behavior of distribution function f( P, v, 

(16. 

where 0 = eB/mc and ~ (df ,  1 
result of collisions. h h e  c 
fixed scattering centers, this term takes the form 

t)c describes change In f a s  a 
e of uniform distribution d 

dQa @, v )  v [\ ( v') - f ( V)fl 

where ns is the density of scattering centers and 4- is  the 
scattering cross  section. 3n the case of elastic scattering 

\v'l= I v f  where v' is the vector v scattered in solid angle 

. If the magnetic field is  very strong, diffusion will be 
limited only across  the lines of force. 
particles will move mainly along the lines of force while the 
distribution function will change only along the direction of the 
magnetic field. Let the uniform magnetic field be directed 
along z-axis. The usual method d solving equation ( 16.45 9 
leads to expansion of qz ,vs  t) into Legendre polynomials in the 
velocity space. Since every line of force has cylindrical sym- 
metry, it is possible to write 

As a result, solar 
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where )I = cos 8 ( 8  is the angle between velocity vector v and 
direction of the magnetic field). 
assumptions, Boltzmann’s equation in this case takes the form 

Under some simplifying 

where d~ i s  the frequency of collisions of a particle with i r re -  
gularities (this parameter is expressed in te rms  of P ~ ( C O S  @ )  
where 49 i s  the scattering angle). 

Equation (16.48) is an infinite series; i t  can be solved 
only under certain simplifying assumption. A s  an approxima- 
tion to equation (16.48), it is possible to neglect all the te rms  
with .& 3 2 by considering them to be small as compared to 
f i r s t  two terms. 

Let us select an instantaneous point source at  ro with 
isotr’opic distribution of velocities as the initial condition, i.e. e 

It should be mentioned that consideration of a more 
general initial distribution (for example, prolonged or non- 
isotropic) cannot have much significance due to the simnlifying 
assumptions made earlier.  In diffusion problems, so+tion at 
t >>V-l, i. e. , after a large number of collisions, i s  usually of 
great interest. 
were obtained in 1491 for the first two t e rms  of (16.48) : 

The following expressions valid a t  t>>F(z-zo)/v 

The expression fo  in the equation ( 16.50) i s  f o r m d l y  
similar t o  the concentration n(z, t) obtained on solving the 
equation of one dimensianal  diffusion at the same initial and 
boundary conditions. However, the 
f rom equation (16.5O), i.e., 

Q) 

a (2, t )  = 4x 6 f O  (2. 
0 
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will be different and is  characterized by the dependence of the 
form of emission spect 
IL should be mentioned t 
to v2 since 
ing cross section 

1 and on '% as  a function of v. 
ays be proportion 
medium with sca 

Let us now consider a uni 
g that it can suppress di€ 

r m  magnetic fie1 
s ionacross  the 1 

a result, the limitation, imposed on the longitudin 
ntration gradient in the case of very strong field, d 
place of expansion of f in the form i( 16.471, let us 

pler expansion : 

re  Legendre 's c nected functions, p = cos 
a r e  angles of 

x-axis which is taken here as the direction of the magnetic field. 
Boltzmann's equation in this case becomes 

whe re 

= n, .56 
Let us break the chain c$ eq tions by retaining o n ~ y  

For simplicity, let  us  assume that the initial distribution is  
isotropic in the velocity space, i .e.  

those terms which have = l ( m =  -1, 0 ,  1). 

( I  6.57) 
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In the absence of the regular field ( @ =  O ) ,  f a  takes the 
form 

t (y ., yo) z t (z - eo) 2 . From the equation 
vu we get 

(16.59) 

Let us denote the dis 
axis of the magnetic field by 
(y - yo)2. TWO cases a re  cle iated on calculating 
Eo, in the absence of a regular field ( 

nce between the observation point and the 
2 = (x - xo)2 t 

= O ) ,  

CJ/vt 4-4 'I?. It cor.responds t o  the condition 
(observation point near the axis) or to the long interval of time 
with respect to  the commencement of the event. 
foo takes the form 

In this case, 

where we again havex=  v2/3"J. Putting "1 = ' % V 2 / ( 0 2 + V 2 )  
f, can be put in a simpler form 

b)fi e O / v t  >>Va It corresponds to the condition 3 =  
Q(r) or to the short interval of time relative to the c o m e n c e -  
ment of the event (here, the condition t 7791-1 is still satis- 
fied). In this case, the solution wil 

This solution is applicable at 3 -l.4 6 t 44'7 'v -'s/ 9 where 
f = v/ o is  the Larmorov radius af the particle. , 
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Thus, the behavior of the solution is different in the 
case of short  and long intervals of time ( in the latter case, 
there will be three-dimensional diffusion). 
parameter tt = JT v -1 
tic time of transitionfr 
schedule of long intervals of time. 
directly propor tional to the intensity of magnetic field and t o  

Consequently, the 
can be taken as the characteris- 

e schedule of short  intervals to the 
The transition time i s  

e distance of the observation point f rom the axis. 

Anisotropic terms in velocity distribution are approxi- 
mately defined by the following expression : 

Thus, the solution of the Boltzmann’s equation for the 
distribution function of solar particles ‘in the interplanetary 
medium leads to a short-lived process of the type of one-dimen- 
sional diffusion which is accompanied by the transition to three- 
dimensional (isotropic) diffusion. 
the intensity of regular magnetic field. The only parameters, 
which depend upon the rigidity of particles, a r e  the transition 
time and anisotropic part of distribution’function ( in  the velmi 
Space). 

The transition time depends on 

The simplest type of bmndary and initial conditions were  
selected in the work 1491 : the flare was represented in the form 
ef a n  instantaneous point source while the concentration and 
distribution functians were considered to be finite at zero  and 
zeroat infinity. 
selection of a finite source as wel l  as Ihe detailed study of the 
effect of the Sun, taken as the reflecting and absorbing boundary, 
on the results wauld be of great interest. 
magnetic fields, resembling to  the actually observed ones, wo 
have been of still greater interest. 

Therefore, the study of the effect of the 

The solution for 

16.6. Motion of coemi,c particles in an arbitrary rnag- 
netic field. The motion of cosmic particles in the interstellar 
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and interplanetary medium is mainly defined by their scattering 
a t  the magnetic fields of the cosmic space. 
carried by plasma clmds. Scattering a t  the moving irregulari- 
ties of the magnetic field leads to a change in the energy 
spectrum and in the direction of motion of cosmic particles. 

These fields a r e  

The problem of the motion of particles in the cosmic 
space is usually studied in diffusion approximation which in 
most of the r ea l  cases is not applicable, 
general formulation of the problem is considered in the work of 
A. Z. Dolginw and I. N. Toptygina [ 12 11. 

Therefore, a more 

The authors [121] base upon the Bol tzmnn 's  equation for 
noninteracting particles moving in the external magnetic field : 

(1 6.64) 

is the momentum, v is the velocity 
) is  the distribution function of particles 

locity of magnetic fields relative to the 
Let us assume that the magnetic field has 

regular Ho(x, t) and arbitrary 
Ho t OH where Ho = (H > and 
pletely characterize the arbitrary magnetic field, it is  necess- 
ary to know the correlation tensor of the second order 

, t) components : 
= 0.  'In order to com- 

and the whole group of similar tensors of higher orders. 
select the correlation function for equation( 16.65) in the form 

Let US 

Here r = (xl + q ) / 2 ;  x = x1 - x 2 ;  t = t l  - t2 and .& is the 
average size of irregularities of the arbi t rary field. 
parameter Bap(r) describes the change in the mean square af 
the field while the exponential t e rm describes the uniform motion 
of irregularities a t  a velocity u. We will assume that u is 
directed along r-vector. 
of a particle in the arbitrary field by f = cp/e<AH2 ') 112 and 
the characteristic length, at  which v and 
ficantly, by L. 
If means that the particle gets scattered a t  the irregularities 

The 

Let us denote the Larmorov radius 

(r) change signi- 
Let us consider the case when L >>e and 
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of the field without any significant deflection during each scatter. 
ing. 
orders higher than the equation ( 16. 65) can be neglected. 
Summing up the remaining terms, we get the kinetic equation 
for the distribution function averaged for the arbi t rary field. 
Let us write this equation in the coordinate form for the case 
when cp/ eHo >>e : 

Therefore, all the terms corresponding to correlators of 

, I )  = 0, (1 6.67) d 

where 

In order to g e t  the diffusion approximation, let US expand 

and limit ourselves with the f i r s t  two terms of the 
F into Legendre's polynomial for angles determining the 

expansion : 

are new unknown functions not'depending qn the 
Putting equation (16 a 68) in equation ( 16.67) and 

ansformations, we get a system of equations for 
ase  when u C ~ V ,  we get u = const, 

Ho= 0 and Bap( , *  This system is of the 
form 

t- 

(1 6.70) 

where A (r) = 3(rnc2)21fi e 2 1  <bH(r) 
the continuity equation (16.69) contains the terms describing 
change in the energy of particles due to their collisions with the 
moving irregularities. 
after integrating along all the values of p. The equation (16.70) 
defines diffusion flux. The pararnter 

. Right-hand par t  a€ 

These terms become equal to zero 

2 
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represents diffusion coefficient. 
the diffusion flux significantly differ from the expression used 
in the work of Parker [18] : 

The express ions obtained for 

=- n , (16.72) 
Formula (16.72) i s  applicable on y on satisfying two conditions : 
1) if% does not depend on the energy of particles and 2) if N 
is the total concgntration of particles of all energies. 
application aE equation ( 16 e 72) for calculating the energy spect- 
rum of diffusing particles (see for  example, [18] or the work 
of Terashima [ 1223 is not correct. 

The 

For  the spherically symmetrical cases,  on assuming 
does not depend on r and E % cp72mc2, from (16.69) 

and (16.701, we get the following diffusion equation : 

zf the diffusion takes p e in space where there a r e  
moving regions with a strong gnetic field in which the parti- 
cle s penetrate only to a small depth (the case opposite to the 
m e  considered'above), the equation (16.73) still  remains valid 
but obtained from the kinetic equation, does not depend OR 
p,, h this case,  an accurate solution of (16. 73) can be abtained 
in the fo rm of a ser ies  with the kelp of the degenerated hyper- 
geometric functions. an example, let us mention the solution 
d equation ( 16.731 a t  = const which may satisfy the boundary 
condition N( ros  p) = Ndpgr/p) at p )po and N( ros  p) = 0 a 
p < po where ro  i s  the boundary of the region in which u 

ometr ic fuhction; 
&%le roots of the eq 

398 



PROPAGATION OF SOLA 

roe A s  it follows from the equation (16. 74), the 
tio y(r) = N ( r p  p)/N(ron p) does not depend on p at p '7/ po. 

Continuous curves in Fig. 16.6 give the 
4.5 and the values of parameter k = urO 
2.0 respectively. The selected value of 
spectrum N( ro, p) p2 dp * 
of *e solar system. V a l  
values of If and k with the help of formula (16.72) are also 
given in the same Fig. for calculatim- purposes. 
the e r ro r  caused by the inaccuracy of formula (16.72) can 
change the result by many times. 

qual to 0.5# 1 

It seen that 

The value k z% 1 i s  ob 
that u 1000 km/sec, ro l;z 50-100 a.u., 
H2 > 10-4 gauss. However, in the 
an energy of a few Gev, the Larmorov rad 

the quasiregular field of gnetic cloud is of the order 
the ref ore the condition const i s  satisfied only app 
ly. 
cient given by equation ( 16.71) increases and a t  
becomes proportional to 9 while a t  nonrelativis 

results which could be  compared with the experiment, it is 
necessary to consider the dependence of diffusion coefficient on 
the energy of particles. 

On increasing the energy of particles, the diffusion coeffi- 

it is proportional to p. Therefore, in order to  obtain 

Fig. 16.6. Dependence of y( r )  ma r/r at Y = 4 . 5  and urd* = 0.5,  1 .0  a 
2. o (continuous curves). %otted curves - values of y (r) calculated 
from formiila (16.27). 
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The effect of r e g d a r  magnetic field and af 
the velocity of solar wind on the m o t h  

The existence of the 

cosmic r ays  is  

as recently con- 

1371, &at the magnbtic 

cussed in the work af ov and P. N. Tow- 

firmed by dire measurements. be  assumed OR the 
basis of the da 

sectorial struc tur e, gurbulization d plasma and trans ition 00 
disorderly field apparently Lake place beyond the Earth 's  orbit 
a t  distances .u. f rom the Sun. oh the other hand, 

velocity of solar wind fluctuate and that 

of Wilccm. and Ne 
arth's orbit is more or less  orderly and has 5 

Gringauz e t  al. [I241 show that the value 

me order a s  uo - the average rate  aL motion 
nd direction 

of magnetic irregular itie 8 .  

' Let us  f i r s t  of all consider above-mentioned factors 
namely regular field H and change in velocity 
framework of diefusion equation. Here we will ume that the 
regular fieid does ot move a t  a velocity u and therefore, there 
is no regular elec ical field in the reference system associated 
with the Sun. In this case, diffusion equation, obtained f rom 
kinetic equation (16.67), takes the form 

Here u2 = uoZ and is the anisotropic diffusion coeffi- 
cient. 
directed along H and the tensor ap has components different 
f rom zero : 

In the system of coordinate the z-axis of which is 

-Y1"33= - %I = P 

where 3 = cp/eH is the Larmorov radius of 
regular field, is the transport range an 
the case of a small  angle of scattering a t  one magnetic cloud, 
we have 

(1 6.76 
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where & is the size of the cloud and <H2 > is the mean square 
of the arbitrary field. 
even in the case when the particles are scattered through an arbi-  
trary angle. 
will have A = [Cg(p)]-l where G is the concentration of magnetic 
c l o d s  and g(p) = I( 1 -cos 0 )dw 
of a particle a t  one cloud. 

However, the equation( 16.75) is valid 

In this case, in place of the equation (16.76), we- 

is the scattering cross section 

The solution of the equation ( 1-6.75), not depending upon 

A u2 = const and uo = const. 
time, can easily be found in the absence of regular field a t  X,= 
const, 
case when spectrum is of the form dd / 6 2 * 5 ,  the concentration 
of particles will be N = f(r) (p0/p)4*5 where po is a constant. 
The dependence of N on u is shown in Fig. 16.7. It is seen 
that consideration of change in the velocity of solar wind insigni- 
ficantly changes the value of N. 

In the ultrarelativistic 

Fig.  16.7, Dependence of the concentration of cosmic #articles Bear the 
Earth's orbit on the ratio m/uo at %q,/3co = 2. 

The transport range A depznds on the coordinates and 
energy of the particle. 
it is  proportional to p2; in the other extreme case when the field 
af magnetic clouds is strong and the particles penetrate in them 
only to  a small depth, Adoes not depend on p. It i s  natural to 
assume that the second case must be observed for law-energy 
particles (see Section 14.4). But it may not be. so in the pre- 
sence d a significant regular component of the magnetic field. 

In the case of small scale irregularities, 

A magnetic irregularity functions as a scattering center 
a t  the condition &4:.C$as well as in the case of a large gradient 

40 1 



L. I. DORMAN AND L. 1. ~ I ~ ~ H N I ~ H E ~ ~ ~  

of the field. 
changes gradually, the particle will mainly move in the direction 
af lines of force of the regular field which a r e  slightly distoited 
due to existence of the arbitrary component of the field. 
model of guiding center and not the diffusion equation ( 1 4 , 7 5 )  is 
more suitable for explaining 
case. Here, it may happen penetration of law-energy par ti- 
cles in the solar system is eased a5 compared to high-energy 
particles. 

If the field of magnetic cl  d is not large and 

The 

motion of particles in this 

The particles can move along the lines of force even in 
the absence of &e regular field if the arbitrary field is suffi- 
ciently strong at all places and changes insignificantly at  distan- 
ces of the order of 9 The lines of force of the magnetic field 
in this case will be distorted in an arbitrary way and the 
motion os particles will be defined by statistics of the lines OfE 
force. Some qualitative estimates for such a case as  applicable 
to the motion of cosmic r a y s  in the Galaxy were made by G. G. 
Getmantsev 11131 but the successive theory is absent. 

If there a r e  small irregularities, functioning ab 
stationary scattering centers, in the background of a Strong 
and gradually changing magnetic field, the distribution function 
of the particles satisfies the equation . 

o d  dF p s  
.- 2Asine de ae . A .  

- sin 8 - +- ( 1 -f- cos2 0) A L E  (16.77) 

Here I\ i s  determined from formula (16.76) while 81 is Lap- 
lace operator.functioning - in coordinates transverse with res -  
pect to i s  the pitch angle of the particle and 

+vpcos 8 [h X (hV)h], (16.78) 

e 8)=-vsin sin 8 COS 0 (T [h X (hV) h] + 
+ h rot (hV) h). (16.79) 
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Expression ( 16.77) is the drift equation, supplemented 
by terms describing collisions, 
cribes the motion of cosmic r a y s  a t  a distance of a few a.u. 
from the Sun where regular component of the field is large and 
the irregularities play an  insignificant role. At distances, 
significantly more than A 
magnetic field, distribution function F depends on 8 to a small 
extent and equation (16. 77) changes into the equation - (16.75) 
on reaching the limit t<< 1 and on putting uo = 
latter equation. Under these conditions, motion of particles 
attains the nature of diffusion with extremely anisotropic 
diffusion coefficient X a p .  

Apparently, this equation des- 

, along the lines of force of the 

Au2 = 0 in the 

Before the end this Ghapter, i t  should b e  mentioned that 
the problem of propagation of solai cosmic rays,  and the 
problems discussed above a r e  far f r o m  being exhaustive. It is 
appropriate to mention her e that the above-mentioned basic 
views on this problem get, with every year, more and more 
verified experimentally owing to direct measurements in the 
interplanetary space as well as owing t o  the results of investi- 
gations on interconnected problems. 
pointed out that good agreement has been observed between the 
values of the intensity and structure of the interplanetaqr field, 
obtained from the analysis of 11-year variations in galactic 
radiation, f rom the analysis of f lares  of solar cosmic rays 
and f rom direct  magnetic measurements in the interplanetary 
space. 

For example, it may be 

It i s  also necessary to mention the rigid relation between 
propagation of solar particles and modulation oi cosmic rays- - 
daily anisotropy, Forbush effects, 11-year variations (determi- 
nation of life of irregularities, possibility of accumulation of 
lw-energy particles in the interplanetary space, low-latitudinal 
cut-off of cosmic rays ,  distribution of irregularities in the 
interplanetary space, etc. ). 
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SOME PROBLEMS OF T'HE PHYSICS OF SOLAR FLARES 
AND GENERATION OF COSMIC RAYS ON THE SUN 

In order to understand the generation of solar cosmic 
rays, observations oh chromospheric flares and the phenomena 
accompanying them a r e  extremely important. 
some of the most important aims of these observations. 

Let us mention 

1. Investigation on the characteristic features of the 
groups of sunspots in which the flares takes place. 
establishment of the changes in characteristic features of a 
flare-and the magnetic fields after a f lare  is one of the funda- 
mental results of such an investigation. 

The 

2 .  Nature of such phenomena, accompanying solar flares! 
as "whiskers", activation of fibers,  loop protuberances 
flocculations, etc. 
related to these very phenomena. 

Problemsof predicting solar fllar,e a r e  

3. Study and interpretation of radio and X-ray radiation 
of flares which helps in obtaining information on the nature of 
acceleration processes on the Sun. Radio radiation of type IV 
is of special importance fsince it helps in locating the accelera- 
tion region in the flare a s  i ts  source in the beginning has small 
angular dimensions. 

4. Peculiarities of chromospheric flares accompanied 
by an increase in the intensity of cosmic rays. 

17.1 Peculiarities of active regions and origin of flares. 
F r o m  the observations on solar-€lare phenomena, f i r s t  of all, 
folluws .the conclusion that the appearance of groups of sunspots 
is the necessary condition for flares. 
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The relation N = bW between the number sf solar flares 
N and the number a€ suqspots W was obtained in the work of 
Swestka [I]. 
Ellison et al. [ 2 ]  OR t 

ons the followin 

of the Sun's magnetic 
k t e d  to the origin of a 8 

region of the neutral 
bution of the field after a flare. 

In the recent past, this result was confirmed by 

groups of sunspots: 1 

tics of flares. 
abcock [8]  mention 
Sun ' 8  magnetic 

that changes in 
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ed to the maximum extent dur ing the initial period of the group's 
life. 
the region of "whiskers" that asyrnrnetry is apparently related 
to attenuation of emission of "whiskers" in one of the wings owing 
to ejection of the matter. 

It i s  concluded on the basis of the observed movements in 

Yu. I. Vitinskii [12] describes some of the peculiarities 
of the centers of solar activity. 
distribution of centers along heliographic longitude significantly 
differs from arbitrary distribution. The dependence of duration 
of centers on heliographic longitude was not observed. F r o m  
the study of 64 developing groups of spots, 3 types of curves of 
increase in area w e r e  obtained and i t  was  established that the 
nature of this increase is defined by the value of maximum 
area of a gr.aup and by its class (according to dynamic classifica- 
tion). 
rarely, the maximum area of the group is the determining 
factor for  the duration of a center of activity. 
basis, an attempt has been made to classify centers of activity. 

It has been shown that the 

It was established that class 2 and 3 flares and, very 

On the above 

Elliot and Reid [ 131 have described the movement of 

The development of class 3 f lare  onSeptember 26, 1963 
centers of activity on the Sun's disk during September 14-26, 
1963. 
is also described in the work. 
emission of cosmic r a y s  of comparatively low energies (10-400 
MeV). On the basis of the comparison of this flare with others, 
i twas assumed that the absence of high-energy particles in 
this cqse is related to  peculiarities of magnetic field in the dying 
group of spots. 

The flare was accompanied by 

For understanding the peculiarities of the origin of 
flares,  Bruzek's work [ 141 is of great, interest in which the 
relation between f lares  and loop protuberances is studied. 
Statistical processing of observational data shows that all the 
loop protuberances a r e  related to large flares. 
protuberances observed on the disk during 1956 -63, 20 were 
related to class 3 afLd 3+ f la res  while 5 to class 2 and 2' flares. 
Apparently, Bolar protuberances represent a part of one 
phenomenon &-,the flare leading to spreading of flare process 
from the chrokosphere to the corona. On the basis of these 
observations, Bruzek [ 141 suggested the following schematic 
model of development of flare and loop protuberances in Ha lines: 
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1. 
together, 
rninut e8 . 
of flare u 

A few small bright knots appear on the disk; growing 
they gradually form a bright thread after 10-15 
Development on the limb starts with the appearance 

ndulations spreading at a rate  of 10-15 km/sec. 

* 2 .  After about 3 0 minutes, a flare spreading at a rate of 
about 10 km/sec is seen on the a i d ,  in which i t  is possible to 
distinguish loop structure and internal movement (spreading 
fiber of the flare). 

3. About 5 0  minutes after the commencement of fk re  on 
the limb, loop structure widening a t  a rate of 5-18 km/sec is 
observed clearly. 
ness and gets divided into two parallel fibers diverging a t  a 
rate of 5 km/sec. 

The flare on the disk attains maximum bright- 

4. After > 3 hours, the flare disappears on the disk, 
the loop system on the limb continues widening at  a rate of 2 k m  
see and gets divided slowly and finally disappears after 12 
hours. 

attempt was made by Fokker [15] to interpret the 
Owing to the fact that 

dynamic properties of protuberances are apparently r e l a b d  
ClO6ely to the changes in the intensity of magnetic field or  in 
the configuration of the lines of force, Fokker studies the con- 
figuration of magnetic field of two dipoles rotating in an ideal 
plasma. I€ the dipoles are stationary and antiparallel, e 
connected by lines of force. 
dipoles s t a r t  rotating in opposite directions in a plane passing 
through the axis of dipoles, the loop of lines of force, connecting 
dipoles, starts widening. 
pf plasma will be displaced in the direction of w idening of the 
loop; i.e., perpendicular to the direction of lines of force of 
the magnetic field. 
rel.ated to the origin of loop protuberancls have more comp 
cated nature. 

observed by Bruzek [14]. 

It is shown that if the anti 

Tn this case, each elementary volume 

We, however, feel tkkt dynamic processes 

Tks question will be discussed in Section 18, 

Valnicgk [ 163 classified the escape of matter f rom 
active regions on the basis of the motion of escaped matter by 
considering the characteristics of the surrounding active 
region. He differentiated 3 types of processes. 
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1. Isolation of a part of the f lare  which resembles to an 
explosion and lasts for  At the later stage of 
this process, there is usual eruptive protuberance with dis- 
appearance of the matter back in the chromosphere. 

10 minutes. 

2 .  "Blowing out" of protuberances characterized by pro- 
longed existence in the quiet state with period of the active 
stage equal to a few tens of minutes, These protuberances 
appear in the regions where there a r e  no flares and spots, 

3. Flare with explosive phase and activation of fibers. 

It i s  shown that in the f i r s t  and third cases, escape of 
m e t e r  from the flare region has explosive nature and the pro- 
cess itself is defined by the degree of activity of the region 
where the phenomenon takes place. Escape of matter in the 
second case has another nature. It is caused by the suddenly- 
appearing stable distance of a protuberance apparently r e l akd  
to the total magnetic field of the Sun. 

Problems of predicting solar flares were considered in 
the work of Waddell 1173. He worked out a statistical method 
of predicting powerful f lares during 21-35 days. The method 
is based on the correlation between calcium floccules at  the 
given revolution of the Sun and flares during the subsequent r e  - 
volution. 
brightness and age of the flocculated field. 
that, if the zero points of the magnetic field remain stationary 
for 3 days or more, a f lare may be  expected in the given region 
during the next revolution of the Sun. 

The probability of a flare depends upon the area, 
It is established 

The relation of flares to stationary neutral point8 of the 
magnetic field is considered in another work of Waddell 118). 

For flares having an area of not less than 100 millionth 
part of the solar hemisphere (period 1959-60), a relation 
between their position and structure of magnetic field a t  the 
level of photosphere during 1 revolution of the sun before the 
flare, has been established from the data of Sacramento-Peak 
and Mount-Wilson observatories. 
position of the flare coincided with the neutral point which 

In 22 out of 51 cases, the 
- 
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. The field in the 
R e t a i n a b i l ~ ~  of 

od with the optical 

Cion and Liberati 
analyzed in S &mid t 's 

Cl p0ssibl.e changes in the 
"3 according to the obeesv 

caused by these changes, has been 
~ i ~ ~ ~ ~ b u t ~ o ~  OB norm1 C Q ~  onent of t+e magnetic field on the 

ion were us 

order) after the 



cities and magnetic field which appears to be less  probable. 

M.B. Ogir and E.F.  Shaposhnikova [ Z O ]  mentioned one 
more interesting peculiarity of flares in groups of s u n s p o t s .  
They showed that the appearance of powerful flares is often 
preceded by new spots originating in the group or by intens Si- 
cation of spots earlier existing near the place of flare. 

New data on peculiarities of solar flares, their relations 
with configuration of spots and injection of protons are describ- 
ed in the work6 of Dodson and Hedeman [2 11 and Warwick [22]. 

1 7 . 2 .  Radio and X-ray radiation of flares. - Let us now - 
consider briefly some of the problems related to radiation from 
flares. As mentioned above, observations on radio emission of 
type IV are very important for understanding the mechanisms 
and for determining the regions of acceleration of cosmic r ays  
in flares. Avignon et al. [24] showed that f lares ,  accompanied 
by this type of radio emission, appear in the active regions 
consisting of very close spots of opposite polarity, i. e . ,  under 
the conditions favorable for generation of particles. Boischot 
and Pick [24] found that radio emission of type IV gives r i se  to 
synchrotron radiation of relativistic electron 8 being accelerat- 

res and rotating in magnetic fields along spirals.  This 
is was recently verified by Fichtel e t  al. [25]. 

Sakurai [26] pointe 
lated to the ene 

electr ons trapped *in sun 
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of electrons by flares. 
emission of type IV, Sakurai [27] found in another work that 
magnetic field of sunspots has the structure of a magnetic 
dipole inclined to the west and situated under the photosphere 
and that flares mainly occur in the eastern part of the spot. 
These magnetic fields surround the flare region and form arc- 
type l ines of force related to the main spot, in the magnetic 
field of which, the electrons are retained after injection in the 
flare. 

QI the basis of the study of radio 

~ 

X-ray radiation o f A &  is a l so  closely related to 
flares. Friedman [2%] has given the available data on X-ray 
radiation and sudden ionospheric disturbances (SID) in the iono- 
sphere including the results of observations on X-ray on 
satellites "SR- l", "SR-16", WK- l" ,  "SR-3" and the Soviet 
satellites. Theoretical investigations on X-ray spectrum of the 
solar-flare radiation and its effects on ionization in the D-layer 
of the ionosphere are also described in this mork .* 

- 
The structure of active regions on the Sun, responsible 

The results of calculations of retarding, 
for the variable part  of short-wave radiation of the Sun, is 
studied by Allen 1261. 
recombination and linear radiation are described in the work on 

At the International Sympossium on Solar Activity (Budapest, September 
1 %7), American research workers Neu@rt,- Tausy, Aktym and others 
fivesented latest data on X-ray radiatwn and solar?osmic rays measurea t% 
' 'OG0"satellites. A nu ber of slitless spectrohelwgmnts hnve been obtain- 

only near the e&e of the disk but also in the region of protuberances. A 
significant increase in the intensity of 
observed in the spectral range of 1-25?. Emission lines in the extreme X u  
ray region (2-12 A) nd a number of new lines -- Nil  Fe and others -- in 

get a number of spectograms in this range during powerful flare of the May 
25, 1967. The time of attaining maximum intensity in different X-ra$ lines 
is intermixed: in the begiming, maximum is achieved in the extremely short- 
wave line and afterwards, in the long-wave lines. The interval between 
maxima varied from about 1 m 
that the dicration of illumination of flare in these emission lines is  very large 
(of the order of the duration of'illuminatwn in the optical region). Since 
optical thickness for short-wave lines is much less than unity, the prolonged 
illtrniination in X-ray lines indicates relatively prolonged liberation of 
energy dirring a frcrre. This absolutely new result does not agree with any 
existing hypothesis of ' fnstantaneous "energy liberation owing to 'hnnihila - 
tiott" of magnetic field, during the flare, in the region of neutral points. 
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the range of 13-64 d were observed for the first ttme. It was possible to 

diation over active regions was 

te to tens of minutes. It is characteristic 
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the basis of the presented experiemental data on radiation of 
solar flares in the r e g b n  x L 10 8. 

~ While studying outbursts af X-ray during September 28, 
1961 flare, A.A. Korchak [IV, 991 showed that the emission of 
the X-ray can be explained by retarding radiation of nonrelativis- 
tic electrons with &k 9 20 kev having power energy spectrum - &k'3. In order to explain the observed flea, it is necessary 
that No( 2, 2 0  kev) = 3x1035 electr-ons. I€ the spectrum of 
electrons is extended to the region of relativistic energies, it 
is possible to  satisfactorily explain the observed centimeter 
radio emission. Thus, the following interpretation of the phe- 
nomenon, of flare radiation can be given: hard X-ray  radiation 
originates in the region of a flare or above it as a result of 
retarding radiation of nonrelativistic electrons being accelerated 
in the process of development of flares and having, for example, 
power energy spectrum - ek'y, while the centimeter .radio 
emission of type N appears simultaneously as a result  of 
synchrotron radiation of these very electrons only if their energy 
spectrum extends to the region of relativistic energies. 

Basic results of observations and investigations by 
different authors on correlation between centimeter radio 
emission and X-ray radiation of the Sun a r e  described in Kundu% 
book 1301. The close correlatio'n between X-ray and radio 
radiations of A 4 30 e m  and the absence of correlation at A s 3  0 
cm indicate the fact that X-ray appear a t  the same levels as 
radiation of centimeter waves, Le. ,  in the chromosphere. It is 
shown that radiation in X-ray and centimeter ranges can be 
interpreted as retarding radiation. 

The rraximum on centimeter waves almost precisely 
coincides with the maximum for X-rays and sometimes, even 
conformity in minute details of the two phenomena is observed*. 
It i-s assumed that energetic electrons (accelerated in the flare) 
give r i s e  to outbursts of centimeter radio radiation owing to 

I In a report to the International Symposibm on Solar Activity (Btdapest, 
September 1967), Arnold et al. reported more than 70 cases of otstbursts of 
hard X-mys with energy 10-50 kev on the bask of observations on ' W O "  
satellite. On comparitlg the time variation of these flares with microwave 
radb o t r t h s t  ( A= 3-10 em), a close similarity between them was observed 
in the regions of increase and initial decrease of intensity. A similar com- 
parison with the beams of en&getic ekctrons and protons beyond the limits 
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synchrotron mechanism. 
they give r i s e  to outburst of high-energy X-rays (nonthermal 
retarding radiation) as a result of collisions with the atoms of 
neutral hydrogen. Apparently, this conclusion fully supports 
the conclusion made in the work of A.A. Korchak [PI. 991. 

Invading the lower chromosphere i 

Tanaka and Kakinuma [SI) studied the relation between 
spectrum of weakly-changing components of the solar radio 
emission and solar proton flares by using interferometric data 
on wavelengths of 3.2 and 7.5 cm. 
solar proton flares during May 1959-December 1961 took place 
in active regions for which the ratio of the flux densities of radio 
emission of weakly-changing component a t  3.2 and 7.5 c m  was 
more than one. 
this ratio indicates the presence of a suitable acceieration. 
mechanism in the active region since the high intensity of 
magnetic fields of the spots in corona over active regions is one 
of the conditions of the increase in the value of this ratio. The 
probability of the occurrence of an outburst of solar protons in 
the active region, having a high ratio of f lux densities of radio 
emission, i s  sufficiently high which is important for predicting 
solar pro ton flar es . 

It was found that most of the 

The authors consider that the large value of 

While studying intense radio emission of the Sun on 
meter bands similar to the short-lived noise storms ( f rom 3 
hours to 3 days), L.S. Levitskii [32] showed that i t  often origi- 
nates after flares which are accompanied by absorption in the 
polar cap (i .  e. , whtch produce solar cosmic rays). 

A solar flare is f i rs t  of all an  explosion and movement of 
Hagen and Barney E331 arrived a t  this matter and not of energy. 

conclusion on the basis of detailed radio-observations on the 
powerful short-lived flare of June 5 ,  1965. This complicated 
phenomenon was recorded by three radiotelescopes of the State 
University of Pennsylvania a t  frequencies of 10700, 2 700 and 320 
MHz. 
highest frequency and then. at the lowest. 

of the Earth's magnetosphere @om the data of satellitcs 'IMP-1 "and 
'TMP-3') showed that fast electrons are prot observed near the Earth during 

proton flares (in 7 out of 8 cases) which could have led to artbursts of hard 
X-rays during their passage through the atmosphere over the Sun's active 
region. 

Surplus solar radiation in the beginning appeared at the 
Later, 2.2 minutes - 

41 3 



after the commencement, there took place a radio outburst which 
was recorded only at the two higher frequencies Two other 
flares were observed after 4 . 8  and 14 minutes. These three 
frequencies record the activity at altitudes of 10000, 13000 and 
30000 km respectively above the solar photosphere. According 

ter moving externally f rom r e  was a mass of 
e a t  a velocity of 0 km/sec. This matter 

apparently experienced three explosions during its ascent  to 
altitudes of about 14000, 30000 and, probably,, 60000 km. 

Works devoted to generation of solar radio outbursts are 
reviewed in the work of Smerd [34]. 
electromagnetic radiation of electrons ea 
collision with ions just like synchrotron radiation. 
of cyclotron radiation, under certain conditione (positive 

The nalysis shows that 
t intensify during 

In 

radient of distribution function accord 
th harmonic and insignificant Doppler 

negative absorption coefficient, i.e., i 
tron radiation a t  certain harmonics. Under certain conditions 
(two-beam unstability), the possible intensification of plasma . 
waves is a lso observed which later on changes into electromag- 

ic waves during scattering a t  thermal irregularities of 
sma. The intensification takes place in a na 

frequenc ies near the plasma frequency ( 4 10-3 
mentioned that the las t  mechanism is most suit 
ing the origin of I, II, IIItypes of outbursts: excitation oT 
plasma waves by electron beams of different velocities and their 
subsequent transformation into electromagnetic waves.. 
mechanism explains the luminescence temperatures of the 
order of 10l1  OK, presence of two harmonics and other charac- 
terist ic features of this radiation. 

This 

A.A. Korchak [35] studied the possible mechanis 
eneration of hard X-ray radiation during solar flares. 

work [35lP the spectral power of r e  
Comptorn radiation is compared and 
is determined in which one or  the other 
depending upon the physical eo  

the energy spectrum of accele 
ction and continues in the region 

ing, synchrotron and 
region of X-ray spectrum 

hanism can dominate 
radiation reg ion 

r e  of energy spect ated particles. If 
has a power fun-. 

106 ev with a constant 
predominate in whole 
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The relation between proton flare6 and radio outbursts of 
type IV is studied by Malville [36]. Since diifemnt frequency 
components of the outburst have different directions, type IV 
outbursts can significantly differ f rom flares near the 
the disk and near the limb. The fact, that many flares a r e  not 
accompanied by outbursts of cosmic rays near the Earth, may 
be associated with the impossibility of recording weak effects 
in cosmic rays, e r ro r  in determinakion of events in radio range 
and with the effects of propagation of cosmic rays in the inter- 
planetary medium. 
after type IV outburst increases E: 1) the intensity of outburst 
in the range A = 3 -3 0 c m  is sufficiently high; 2 )  outbur s t  A = 
10 cm attains maximum intensity after the maximum develop- 
ment of the flare in H, ; 3 )  the flare during its development 
covers a par t  of the spot. The relation between proton f lares  and 
increase in the intensity of yellow coronal line [CaXV] 5694 A 
can be explained by assuming the existence of a region of 
accumulation of accerlated particles in the corona. Magnetic 
relation between the region of accumulation and the condensa- 
tion region situated below, leads to the fact that some part  
high-energy particles fa 
its heating. Accumulati region itself is a source of synchso- 
tron radiation observed in the meter range". 

center of 

The probability of recording cosmic rays 

in the condensation region and cause 

17 .3  e Peculiarities of flares generating cosmic r a ~ s ~  --- 
eculiar ities of active reg ions, responsible for solar 

were studied and data on 
were given in an earlier ction. However, i t  was not possible 
to record high-energy solar particles in the case of a l l  the 
flares. 
rays a r e  generated in a 
peculiarities of the flar 
cosmic rays on the Earth a s  well a s  to explain the nature of the 
frequently observed effect of small outbursts of solar cosmic 
rays (see Section 6). 

According to N. P.  Tsimdhovich [184], radio emission of flares can seme 
as an indicator of the chemical composition of cosmic mys.  The higher the 
place of migin of the flare (in cormp), the higher will be the flux of nuclei 
(and lesser will be the flux of protons) and more intense will be the f h x  of 
meter radio waves re occurs deep (in the chromosphere), centi- 
meter radio emiss duration is observed and there will be signi- 
ficant emission of protons. 

adio and X-ray radiation of flares 

In order to solve the problem as Lo whether cosmic 
the cases, i t  is important to 
accompanied by large outbu 

* 
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For  understanding the peculiarities of flares responsible 
for the,generation of cosmic rays, works of Kzivsk; r37-411 are 
of great interest. He points out in his works that the generation 
takes place when two fibers of flare have Y-shaped arrangement 
The author thinks that this stage can be considered as origin 
of an open channel along which the accelerated particles come 
out of the Sun. The Y-phase was detected by Kr'ivsG for the 
flares of November 19, 1949, February23, 1956, August 3 1, 
1956 [3$], July 18, 1961 [39], September 28, 1961 [40] and for 
many other flares . 

The interval between the ejection of cosmic rays f rom the 
region of chromospheric flare and their arr ival  a t  the Earth is  
determined in [41]. 
of particles coincides with the appearance of Y -phase of the 
flare which is confirmed by its coincidence with the f i r s t  maxi- 
mum of radio outbursts in the centimeter and decimeter 
ranges. 
spectroheliograms and Ha from filtergrams obtained by the 
author in  1965 at the Crimean Astrophysical Observatory. 
time of arr ival  of particles to the Earth was determined from 
the commencement of absorption of cosmic radio noise in 
polar caps and from the increase in the intensity of cosmic 
radiation based on the data of ground-based equipment. 

It is assumed that the moment of ejection 

The time of appearance of Y-phase is determined f rom 

The 

A catalogue containing data on 13 flares during 1957-61 
was compiled. 
mencement of absorption in polar caps lies within the limits of 
10-870 minutes (+ 8 minutes being the time of propagation of 
l .gW while the time between Y-phase and commencement of the 
outburst of cosmic rays varies f rom 3 to 85 minutes (+ 8 minut- 
es) e A part  of the catalogue includes corrected and additional 
data on 16 flares considered earlier [37-401. 

The time betrueen Y-phase of flares and com- 

Malitson [42] points out that the f la res ,  responsible for 
the generation of cosmic rays, completely or  partially cover 
the shadow of the main spot and occur in active regions whose 
life is more than one revolution of the Sun. 

A detailed analysis of optical characteristics of f lares ,  
emitting cosmic rays,  was made by Bruzek [45] during 1959-63. 
Loop-shaped protuberances were observed in 19 out of 22 
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events. 
of generation of high-energy protons but is also important for  
understanding the mechanism of flares*. 

This conclusion npt only gives a suitable optical index 

Cuss [44] studied the distribution of flares along heliogra- 
phic longitude which were accompanied by the effect in coemic 
rays. Out of 56 flares recorded during January 1956-October 
1962, 13 were observed in the band 800-9OOW and were accom- 
panied by the largest effects in cosmic rays. 

By analyzing the data on flares of May 4, November 12 
and 15, 1960, McCracken [45] found a correlation between the 
time of increase in the intensity of solar cosmic rays, degree of 
anisotropy (or  presence of shock zones) and position of corres  - 
ponding flares on the solar disk. It was shown in the work that 
the flares on the western limb give strongly collimated particles 
with quickly increasing intensity while flares in the center or on 
the eastern edge of tsorar-disk give weakly coaimated o r  even 
isotropic beams of particles. 

It is known that large outbursts of the intensity of solar 
cosmic rays have! the tendency to appear during the years of the 
decrease o r  increase of solar activ3pulTnot a t  the time, of 
maximum cycle. An analysis of the dependence of the frequency 
of flares on their amplitude A is reported in the work of A. I, 
Kuz'min and G. F. Krymskii [IV 743. 
spectrum of the frequency of flares, recorded by neutron moni- 
tors, has the form N ( %A) -V A-& where oC = 0.5-0.6. It is 
mentioned that this point of view is shared by many research 
workers, and the effect is explained by the existence of conditions 
most favorable for the propagation of solar particles in the 
interplanetary space during this period. 
put forward another hypothesis for  explaining this tendency. 
They suggest that the frequency of the appearance of class 3+ 
flares is constant during about three years after the maximum 
solar activity while the frequency of other flares during this 

sium on Solar Activity (Budapest, September 1967) that proton flares are 
ahays  accompanied by bop-shaped protuberances. A .  B .  Sevemyi at the 
same symposium submitted data showing that the regwn of a proton flare 
corresponds to places of largest currents calculated from the vector of the 
magnetic field. 
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It is shown that the integral 

Takakura and On0 [46] 

* 
It was mentioned in the report of 2. Shvestki at the International Sympo- 



creases very B rp$y. On the other hand, the most 
intensive rad io outbur s t  
tion of fast particles, h 
phases of rise and fall of solar activity. 
class 3+ flares, accompanied by intense radio emi 
IV (as  compared to class 3 +  flares not acco 
radio emission) a e more effective for emission of solar cosmic 
raysI it is possible to formulate the following model [46], 

If the cosmic rays a r e  to be ejected, firstly, constant 
ressure due to accumulation of ma 

netic field is necessary a e r e  must be some 
e accumulated magnetic mechanism which m 

energy. In that ease, at the mum activity, a l a r  
number of disturbances should be observed in the solar atmos - 
phere because of this starting mechanism and thus, the i n t e r v ~ l  
between disturbances will be very small so as to accmulate large 
energy required for accelerat the particles. At the same 

particles, during the ascendi nd descending phases of solar 
cycle should be moderate. 
assume that the decrease in the intensity of cosmic rays at  
maximum solar activity is a solar effect rather than a rnodula- 
tion effect. 

e number of disturbances, which could s tar t  ejection of 

On the basis of this, the authors [46] 

Vogt [47] showed that there a re  beams of low-energy 
protons in primary radiation e 
solar activity. An increase in low -energy protoms ~ 

caused by the arrival of 
was detected on the basi 
Churchill. 
the interplanetary space durin 
effect of small flares of cosm 
of works of L, I, 

the period of maximum 

ides from September 3, I960 flare, 
data obtained on balloons over 

It is assumed that SUC 

orman et al, ( se  

The results of s t a t  
intensity of cosmic rays a 

the basis 04 data of 21 
December 1960, detected d 
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any increase in the flux of cosmic rays. 
liarities of statistical outbursts observed in [48]: 1) magnetic 
cut-off according to rigid'ities is same for statistical increase andl 
unusual outburst only if they a r e  recorded a few hours after 
solar f lare;  2) distribution of particles is isotropic; 3) time lag 
between flare and isotropic statistic 1 outburst is 8-i8 hours. 

Following a r e  the pecu- 

Kodama [49] divided the observed flares into 4 types 
according to the nature of outburst effect: 1) unusual outbursts of 
cosmic rays (more than 100% on the Earth's surface); 2) small 
increases (0.1 - 1 %) and polar absorptions; 3) quick increase 
(delay with respect to radio outbursts of type IV less  than 6 

ours); 4) slow increase (delay more tha 

Peculiarities of active regions, generating solar cosmic 
rays, were studied by Noyes [50] on the basis of the data of 
observations during the period July 1957 -December 1960. 
of the 40 events of recording solar protons during this period, 
30 can be definitely related to 20 active regions (a few events of 

Out 

eration of cosmic rays a r e  related to the same active regions). 
ese regions, representi the most active ones, on an average, 

a re  mainly cha racterieed 
of type PY o r  'B , area of sunspots > 2 x 10-4 part of the solar 
hemisphere and by the presence of five o r  more flare 
2, On an average, more than 60% of the flares durin 
periods, giving rise to polar absorptions and outbursts of the 
intensity of cosmic rays, were observed: 1) in the northern 
hemisphere of the Sun; 2)  towards west of the central meridian 
and 3) during first  o r  second revolution of the given active 
region. 

magnetic configuration of sunspots 

The problem of the differences between chromospheric 
flares, accompanied by the increases in the intensity of cosmic 
rays, and ineffective flares is very important. A thorough 
analysis of this problem, by taking into accomt all  the possible 
characteristics of flares, shows that there a r e  very significant 
differences. Ellison et al. [ 2 ]  summarized the characteristics 
of 6 flares (February 23, 1956, May 10 and July 16, 1959, 
May 4, 1960, November 12 and 15, 1960) which gave rise to 
increases in the intensity of cosmic rays on the Earth's surface. 
These flares were distinguished by bright radiation in €3, which 
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lasted for 2-3 minutes, large area of about 2 0 0 0 ~ 1 0 ' ~  part of the 
hemisphere, presence of twin brig t fibers intersecting the group 
of spots and going parallel to the magnetic axis, and by the 
covering of the shadow by fields of maximum intensity. 
the last five 'events, continuous radio emission of type 1%' of 
large intensity and duration was recorded while sudden cosmic 
noise absorptions were recorded g a l l  the events. Helio- 
coordinates of these flares show 
absent in the case of normal flares of class 3 and 
exists noticeable predominance of flares situated towards west of 
the central meridian and five events were observed when the 
flares took place near the western edge of the disk, It s 
that high-ener y particles, accelerated during flares on 
western side of the disk, reach the Earth easily and along less - 
distorted paths.. 
magnetic fields in 
slightly distorted 
west due to rotati of the Sun, All the f lares ,  excepting one 
(whose hel~olongi tu~e was 
solar equator. it can mea t the radial fields 
towards south (it might be related t motion of the Sun in the 
direction of solar apex), Some of t e flares under reference 

s t  flares ever observed while 
nsity of optical 

During 

icant asymmetry which is 
3+, There 

From this it follows that the presence of radial 
e space between the Sun and the Earth a r e  
a result of twisting of lines of force towards 

were observed in the north of the 

o the category of the b 
res a r e  not disti 

characteristics, Ellison clusion that 
arrival of high-energy particles, , 
cosmic rays on the Earth's surfa y determined not 
by the optical intensity of the flare but by such factors as 
constancy of magnetic fields in the space between the Sun 
Earth, location of flare on the solar disk and nature of magnetic 
field in the group of sunspots. 

With the aim of exposing the peculi 
rating powerful beams of fast particles, A 
studied the phenomena associated- with large flares of cosmic 
rays on July 16, 1959 and on November 12, 1960. These pheno- 
mena a r e  compared by him with the conditions on the Sun during 
the periods July 6-22, 1959 and November 5-21, 1960. The 
comparison of chara&eristics of optical and radio emissions of 
large chromospheric flares shows that there is no significant 
difference between the flares responsible for large increases in 
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the intensity of cosmic rays and having no noticeable outbursts. 
The author mentions that althbugh any such type of differences 
have not been detected up to this time, it is necessary to search 
for them. Discussion of observational data on magnetic fields 
and different types of radiations lead the author to  the conclusion 
that the usual concepts on flares can be wrong and that huge 
liberation of energy is the most important peculiarity of flares 
giving rise to l a r  e beams of solar cosmic rays*6 

17.4 Relation of the am&itude and time v a r - t i o n  of 
- solar p a r t i c l e s d t h  the characterbtics of ch-osDheric flares,  
- Forbush effects and geomagnetic storms. Interesting results on 
the nature of propagation of solar cosmic rays were obtained by 
Yoshida and Akasofu [II. 421 who grouped together the Forbush 
effects (according to amplitude of decrease in cosmic rays) and 
geomagnetic storms (according to characteristics K p  and 
depending on the peculiarities of solar cosmic rays gener 
the same chromospheric flares that were responsible for geo- 
magnetic storms. It was shown that a significant difference in 
the appearances of flares on the Earth, depending upon their 
heliologitude, is observed only on grouping in this manner, It 
was also shown that chromospheric flares, giving r i se  to noti- 
ceable increases in the intensity of cosmic rays, lead to the 
release of an huge amount of energy resulting in geomagnetic 
storms and to l a r  e Forbush reductions. 

Variations in the intensity of neutron component of 
cosmic rays have been studied by V. I. Ivanov et  al. [ 521 on the 
basis of the data of world network of stations during chromosphe- 
ric flares accompanied by electromagnetic radiation and during 
15 intensifications in the brightness of the Sun which were 
accompanied by X-ray radiation (A. K Pankratov [ 533) during 
the period of maximum solar activity, 
method it was found that the increase in intensity in the shock 
zones is equal to Oe25% while the amplitude of increase outside 
these zones is of the order of 0.1 %. 
confirm that cosmic rays can be genezated on the Sun even during 
less -active processes which a r e  accompanied by electromagnetic 

On the whole, m e  has to state that 
guously characterize a proton flare, 
mr in the radw range of the Sun. 

By the superposed epoch 

These results once again 

* 
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radiation [II. 19; 11.22; 11.231. 
[ 521 that the amplitude of outburst in shock zones decreases with 
the decrease in solar activity while the rate of decrease of inten- 
sity increases. 
changes less than that from western flares and the change in the 
duration of decrease depends more strongly on heliolongitude 
than on heliolatitude. The rate of increase for eastern flares is 
less than that for western flares and the maximum of intensity is 
diffused. 
hemisphere of the solar disk to the effects from flares on the 
eastern hemisphere is less durin 
activity. 

It was also shown in the work 

The duration of decrease from eastern flares 

The ratio of the effects from flares OR western 

the years of minimum solar 

In recent years, the attention of maay research workers 
was attracted by the continuous optical radiation of chromospheric 
flares (see, for example, the works of McCracken 1541, Becker 
[55], de Yager [56], Michard [57] . The observational data on 
these ''whiteq' flares is still scanty but nevertheless analysis of 
this problem by Yu. N. Dolginova and A,A,  Korchak* showed 
that the white flares do not at all differ from the usual flares 
(including those which a r e  accompanied by propagation pf high- 
energy particles to the Earth), This conclusion confirms ,the 
assumption made by the authors 155 -57]**. 

B, M. Vladimirskii and A. A. Stepanyan [ 591 paid much 
attention to the fact that half of the large outbursts of solar 
cosmic rays took place during Forbush effects (March 2, 1942, 
August 31, 1956, July 16, 1959, May 4, 1960, November 3, 1960, 
* Personal communication. 
'* It is interesting to mention that the May 23, 1967fEare of class 3, accord- 
ing to observatirms at Boulder [58], was brighter iqwhite light than the 
surrounding photosphere by a f ew  percent. Polarization of radiation b white 
Eight was not observed. According to the observations at the Sacrmento-peak 
Observatory, the maximum in white light for this flare was recorded at 
1840 UP. while according to photographs in Ha, the maximum occurred cat 
1844 UT. The flare was accompanied by a powe@l magnetic storm, palar 
aurora (May 25), intensification of X-ray and mdw emissions amd by the in- 
crease in the flux of low-energy solar cosmic rays. 

At the hzternabional Symposium on SolarActivity (Budapest, September 
1967), Newcrick et a1 reported data on the fact that an increase in the inten- 
sity of white corom is observed during a proton flare. The region of this 
illumimtim is much more than the area of in chromosphere. 

422 



SO 

November 12, 15 and 20, 1960, J u  

sponsible for tions, A de- 
tailed statistical analysis was don 
sGperposed epoc 
Forbush reducti 
neutron component of cosmic rays obtained by the world n e t ~ o r l ~  
of stations (see Table 17, 1). 

According to [59], it follows from the experimental data 

, solar cosmic rays F Earth ear l ier  and their beam 
that if the flares occur in t 

is more anisotropic (there 
when chromospheric flares occur in some other active re 

n responsible for  Forbus 

k zones) than in the case 

Let us review some more works in which t 
related to properties of flares and their geophysic 
considered. 

hile analyzing heliolo~gitud~nal distribution of €la res,  
Warwick [ 6 0 ]  showed that the proton flares which gave r i s e  to 
intense polar absorption have a more distinct tendency to appear 
at  certain preferred 
the spots and other a 
diagram, illustrates the concentration of proton flares during 
1954-63 at  keliolonqitudes of 140° and 320°,  and 2 active antipodal 
longitudinal intervals Locations of onf la res  a r e  
a rigidly rotating Layer of the Sun. 
tude intervals, where proton fla Q C C U ~ ~  coincide 
those of huge concentrations of visible, activep solar formations. 

eliographic longitudes t 

Characteristic features of t 
heliolongitudes of: (a)  flares after 
detected only from absorption of cosmic ra 
Earthis polar regions and (b) flares after 
were recorded at  sea level a r e  discussed in the work of 
K;ivsk$ [ 611, 
cosmic and subcosmic particles has been suggested 0~3. t 
of these characteristic features, 

distributicn accor 

A three -dimension ode1 of the cloud of solar 

e cloud in the 
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eclipitic plane at the Earth's orbit is of the order of 45-110°, The 
axis of the cloud at the Earth's orbit is inclined in the eastern 
direction at  an angle of 40-80° from the radial direction in  the 
flare region, 

Mentioning the significance of the problem of prediction of 
chromospheric flares,  accompanied by ejection of particles of 
solar cosmic rays (proton flares), A. S. Dvoryashin [62] describes 
following characteristics associated with them: 1) the str'ongest 
effects in the polar ionosphere correspond to radio outbursts of 
type IV with the predominance, in terms of power, of the first 
phase (in the centimeter range); 2 )  X-ray radiation of proton 
flares is characterized by long duration, wide interval of wave- 
lengths and presence of photons of energies right up to 0.1 Mev 
(which is detected from ionsopheric effect at those observation 
points where the Sun at the time of the flare was in the horizon). 
The problem of the geometry of interplanetary magnetic field is 
briefly discussed on the basis of work of the author on the analysis 
of the data on minimum reflection frequencies (fmin). 

A very important result  was obtained by M.N. anevyshev 
and L.Kiivsk;[63]who showed that the number of protons as  well 
as  the number of chromospheric dlares in the 11 -year cycle have 
two maxima in the same way as  the intensity of corona, number 
of protuberances, area of sunspots and intensity of radio emission 
of the Sun. 
brightness of the corona. 
by the appearance of extremely strong phenomena, for example, 
flares of solar cosmic rays, 
1954-1964 is given in [63]*, 

The proton flares appear a t  the places of intense 
The second maximum i s  characterized 

A catalogue of proton flares during 

Before this Section ends, let us mention some of the 
reviews summarizing the results of investigations on flares con- 
ducted during the past few years. 
detail the problem of magnetic fields in powerful chromospheric 
flares. 

Sakurai DO41 found that during the descending phase of the cycle of sohr 

V.G. Banin [64] analyzed in 

In particular, the following basic problems of the physics 
* 
activity (I 959-1 963, proton flares most freqamtly occurred only i@ two 
regions in the northern hemisphere of the Sun. These two active zones, 
separated ly 1600 along the brgitude, coincide with the regions of strong 
brightening of the green coronal line where s t r w  magnetic fields are 
supposed to be existing. 
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of solar flares a re  enumerated in the review of Glaser 1653: 
explanation of the mechanism of accumulation and quick liberation 
of huge amount of energy ( 1  032 erg) during 1000-2000 seconds; 
search for the mec anism of acceleration of solar cosmic rays to 
1 Gev; causes a s  to why some flares a r e  not accompanied by 
radio emission while in other cases, radio emission is observed 
without visible solar flares. 
fluorescence on the Moon's surface, and t o  two recorded cases 
which a r e  assumed to have been obseived after two solar flares 
(see Section 12. 1). 

Much attention is paid to the red 

Smith 1661 gave a detailed review of the structure,  
development and the motion of flares.  Analyzing We distribution 
of f lares according to latitude and longitude, the author [66] 
arrives a t  the conclusion that f lares a r e  not plane formations 
but have certain height. 
apparently absent. 
of the appearance of strong flares is more in long-life centers 
of activity. In small  groups of spots existing for less than 
3 days, flares are  ra re  or a r e  absolutely absent. The depend- 
ence of the number of flares on the number of spots is very 
weak. Flares on an  average appear every 20-30 minutes aear  
the maximum of sunspots. 
duration of asflare is very weak. 
formations: their velocity along the vertical is up to 10 krn/sec 
but their tangential velocities, determined from the Doppler 
effect, sometimes go up to 200 km/sec, Disturbances due to .  
a flare, especially due to an explosive one, a re  spread at a 
velocity of the order of a few hundred km/sec, The so-called 
homologous flares have a strong tendency to reappear at almost 
the same places in the active region. The other class, i. e., 
coordinated flares a r e  characterized by the fact that they are  
caused by a previous flare. The excitation in these cases 
propagates at a velocity of about 1000 km/sec. 
the flares have the form of circular suspensions, cone, loop o r  
irregular structure. 
10000 km while the average height is of the order of 7000 km and 
the maximum height, 50000 km. 
intensity of H 
i s  very weak. 
25 times that of the quiet chromosphere. 

The east-west asymmetry is 
Number of f lares  a s  well as probability 

The relation between the apda and 
Flares a r e  slow-moving 

On the limb, 

Most of them attain a height of 2000- 

The rek t ion  between the 
line a l d  the area of $i flare at maximum brightness 
Extremely strong flares have a brightness about 

-Many flares a re  
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accompanied by ejections of a gas. 
ejections of the surge type varies from 50 to 200 km/sec and 
that of sprays goes up to 1500 km/sec. 

Propagation velocity of 

A number o f effects caused by; flares (absorption of short 
radio waves, Forbush decrease of cosmic rays and &her pheno- 
mena in the Earth’s surroundings) a re  considered in Chapter 11 
(also see the reviews of Byrne et al. 1671, Elliot [68] and 
Roederer [I. 903). 

18. THEORETICAL INTERPRETATION O F  PHENOMENA I N  
S O U R  FLARES 

Earliest attempts on the interpretation of the processes 
of solar f lares were based on the discharge theory. The essence 
of this theory lies in the fact that electrons in the presence of an 
electric fie Id attain additional energy, 
temperature of electrons Te, the frequency of their collisions with 
ions decreases; the losses of energy also decrease and this leads 
to furth r increase in the energy of electrons. Since conductivity 

interpretation of the flare as the result of an electric discharge 
taking place just near the neutral point of the magnetic fie%& 
w a s  assumed by Gfovanelli E691 and’was Later developed by 
Dangey [70]. 
Cowling E711 and afterwards, A. B. Severnyi [3] showed that 
sLrong electric fields, under the conditions of a f lare ,  cannot 
exist due to high conductivity of plasma, 

On increasing the 

“Te 372 a a process similar to a discharge takes place. The 

While comxxienting on the discharge theory of flares 

On the other hand, Ellison [72] found the value for energy, 
emitted by solar f lareso to be of the order of ergs .  It gives 
a yield of  about l o 3  erg/crn3 which is about 103 times the density 
of thermal energy in an equivalent honflare region. This fact 
necessitates introduction of magnetic fietd in the theory of flares 
since only magnetic field can accumulate the required energy. 

Let us briefly consider some of the models of accumulation 
and subsequent rapid release of energy of particles due ts magnetic 
fie Id. 

Wentzel [73] considers the rapid collapse of unstable 
chromospheric region to a region of the  minimum but finite 
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intensity of field under the action of magnetic forces a s  a possible 
mechanism of a flare. The process of formation of a flare s ta r t s  
from the deve lopment of magnetohydrodynamic turbulency during 
the collapse. 
in the cbllapse (moment of maximum flare) since plasma 
luminescence gets intensified during collapse because of ohmic 
dissipation of energy in the case of a collision of "magnetic 
whirls" with the lines of force in the opposite direction. Turbulence 
and luminescence start  fading after the break in the collapse. 

Conlpression of magnetic field leads to a break 

If the collapse develops in the higher layers of the Sun's 
atmosphere where density is low, the dissipated energy of the field 
will not be carried away by radiation but will only heat the plasma. 
In this case, in place of a chromosopheric flare, there can be a 
IIcorona" outburst accompanied by X-ray,  corpuscular and radio 
emissions. Under reasonable assumptions about the dimensions 
of "whirls", the model gives values which a re  i n  agreement with 
observations: duration of flare 35 minutes; total thickness of 
emission layer 4.5 km in the case of a f lare  of size 5x103 km; 
electron concentration 1012-1013 em-3. 

The nature of the brightness curve, appearance of dual and 
simultaneous flares as well a s  some other characteristic features 
of flares can be explained qualitatively on the basis 6f the suggested 
explain the peculiarities of f i e  acceleration of solar particles in 
flares with the help of this mechanism. 

In the earlier work of Gold and Hoyle [74], the twisting 

It is  assumed that this process, described 
of solar magnetic fields is taken as the basis for formulation of 
a model of flares. 
by Babcock, envelopes photosphere a s  well as chromosphere 
by keeping a large amount of energy as surplus. 
initiate the flare, a starting mechanism is thought of, which 
requires another magnetic loop and twisting in the opposite 
direction. A s  shown in the review of Byrne et  al. [67], this 
theory does not explain the observed double threads of lumines- 
cence during flares; moreover, the assumed starting mechanism 
requires fulfillment of extremely complicated conditions. 

Here, to 

Jacobsen and Carlqvist [76] describe the similarity 
between solar flares and voltage surges appearing at low 
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pressure in a discharge tube connected to an  inductance circuit. 
It is assumed that the current system in chromosphere represeilts 
fibers which connect different parts of spot gr.oups and pass 
through the corona. 
corresponds to accumulation of energy in magnetic fields 
associated with them. 
of plasma are  retained; the voltage drop of the electric field 
along the fiber is  small. 
disturbed due to Some reason, voltage drop at this place 
increases abruptly. 
of the accumulated energy changes into the energy of space 
charges and the particles get accelerated accompanied by rapid 
Liberation of energy. 
the necessary conditions, it is sufficient that the current, passing 
through the boundary between chromogphere and corona, may be 

Existence of such current systems 

In this case, characteristic conditions 

If neutrality of charge is  locally 

A double electric layer is formed, a pa r t  

The author shows that in order to fulfil 

. more than some critical value. 

The dynarsiics of  magnetized plasma was studied in a 
number of works by A. G. Severnyi [3,77,78] in connection with 
the.problern of solar flares. He suggested the following model 
of flares. 
lines of force and as a result of the growth of the field of spots, 
there originates a neutral point with a strong gradient o f  
field around it and the plasma gets rapidly compresssd' (during a 
few seconds) around the central point which develops at an ever - 
increasing velocity. The compression i s  stopped by the develop- . 
ingshock wave at a distance g 10 km near the neutral point. 
plasma in this volume attains a temperature of about 5x106 OK 
The remaining, large par t  of the flare beyond the front  of the 
shock wave gets widened. Thus, the flares were considered as 
a type of pinch effect, i.e., self-compression of plasma around 
the neutral axis, appearing as a result of unstability of-plasma. 
Here,  it was assumed that dynamics of this one-dimenatonal 
process is  defined by the rapid growth of magnetic pressure of 
the plasma as compared to the gae pressure. 

As a result of typical hydrodynamic motion of the 

The 

- 

This mode 1 was  analyzed in detail in. the work L I I J in 
which the causes of the origin of self-compression were studied. 
It w a s  shown that the "starting mechanism" i. e., the magnetic 
field, during rearrangement of which the energy of the plasma 
retained inthe field gets liberated, is switched-on after the exit 
on the -Sun's surface and subsequent closing of magnetic to-roicts 
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having opposite direction of the lines of force. 
stable, there must exist azimuthal fields around them which at the 
places of contact have opposite directions. 
destroy each other at the places of contact. 
ar ises  either during self-closing of the tube i f  the tube during 
bending undergoes twisting leading to the origin of azimuthal 
fields o r  during contact of two tubes of force similar to traps.  
In the latter case, external pressure up to the time of contact 
is balanced by the bum of magnetic and gas pressures inside the 
tube but when the field at the place of contact is destroyed, the 
magnetic pressure reduces sharply and the force of external 
pres sure starts acting on both the tubes. This force t r ies  to 
compress them relative to the neutral plane, i. e, there takes 
place the process equivalent to rapid withdrawal of a part of 
plasma from the region of contact. 

If the toroids a r e  

These fields quickly 
A similar situation 

While developing the mode1 of se If-compression of plasma 
around the neutral points of magnetic field-- the model which was 
earlier discussed i n  [77] - -  V. P. Shabanskii [79] showed that, i n  
this case, the observed magnetic fields and their gradients in the 
regions of neutral points must coincide with the current flowing 
in the same region. In this case, it i s  difficult to think of the 
conditions f o r  realizing the mechanism of self-comprewion since 
this mechanism does not leave apy place fo r  the possibility of 
slow accumulation of energy uwing to the fact that a mechanism, 
hindering the compression before some fixed time, has not been 
for seen in  this model. 
possibility of the appearance of a similar state in the case of 
amalgamation of two tubes of forceless fieids into one tube in 
which two azimuthql fields will exist in opposite directions. 
favorable conditions, the time of diffusion of internal longitudinal 

of these fields releases the pressure of longitudinal field counter- 
acting the compression. 
zetti ig compressed under the action of the azimuthal field while 
the inside region will get heated. 
of annihilation of fields takes place not in the chromosphere (in the 
region of flare) but at large depths where concentration of particles 
is of the order of 1017 cm-3 and pressure of gas i s  comparable 
to the pressure of magnetic field. In this case, energy liberated 
durfng annihilation of the €ieLd is !ow as compared to the thermal 
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V. P. Shabanskii studies i n  detail the 

Under 

Annihilatian field into plasma can be of the order of 19 3 seconds. 

The vrhole of the configuration s tar ts  

It is suggested that the process 



energy of the p l a s m  and d es not lead to  sig 
It facilitates to retain favorable 

diffusion of oppositely directed azim 
such a process in the chrorriosphere 
and stop the process. In the c se of transfer of reorga 
magnetic fields into the chromosphere, this process wi 
have the nature of a flare. 

region. 

As far a s  the latter mechanism is consideredd recently 
Kopecky [80] showed that it is necessary to reconsider the 
existing view on the mechanism of formation of spots as a 
result of lifting of magnetic tubes from deep layers in the 
photosphere and to find a new mechanism of formation O f  spots 
and fields, associated with them. This conclusion has been 
drawn on the basis of investigation Qn the theory of disintegration 
of magnetic frelds of sunspots which w a s  put forward by Kiinzel 
et al. [Sl]. According to this theory, the time of disintegration 
of spots is cornparable to the duration of the existence of spots. 
It contradicts Cowlings theory which gives disintegration time 
more by a few orders. 

Basic aspects of A. B. Severnyi's theory were criticized 
by S. I. Syrovatskii [82], First of all, S .  I. Syrovatskii showed that 
the dynamics of the process of compression, defined iE E771 by the 
growth of magnetic and g a s  pressures, actually depends on the 
gradients of these parameters. Afterwards, on the basis of the 
solution of the system of magnetohydrodynamic equations for the 
case of small  disturbances, he showed that one -dimensional 
compression leads either to a new state of magnetohydrodynamic 
equilibrium or,  on considering nonabaticity of compression, point- 
ed out by A. B. Severnyi [83], t o  compression with a velocity 
determined by the rate of transfer of heat from the system. 
Thus, on the basis of A.  B. Severnyi's model, it is difficult- 
to expect some quick processes of rearrangement and dissi 
of magnetic fields. 

Unstable nature of plasma at the time of origin of so la r  
f lares was also discussed by Jaggi [84]. 

. drodynamic unstability of plasma of cond 
unstabiIity is re ated to the gradient of magnetic 

He analyzed magnetoby- 

gion of neutra points of the mag 
ter pointing o t the principal di 
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effect from the conditions in chromosphere i n  the region of 
neutral points and by using the method of analyzing plasma 
stability of relatively small disturbances, J ound that plasma 
with w t  OQ is stable in the region of neutral . Possibly, 
gradients of magnetic field in  the region of neutral point are such 
that unstability pgactically cannot develop. The time of develop: 
ment of unstability fo 
Lrmorov radius of e 

long-wave disturbances (of the order of 
ctron) was estimated to  be 1012 secoblds. 

The problem of the origin bf plasma unstability in  the 
region of neutral points is considered separately for the case 
when isotropic plasma conductivity is finite. In this case, two 
types of unstabilitie s a r e  possible: fluctuating and explosive. 
The time of growth of explosive unstability in  the case of long- 
wave disturbances has been evaluated at different values of 
temperature a d  magnetic field in the chromospheric plasma. 
This time lies within the limits from a few seconds to a few 
minutes which corresponds to the time of development of a 
chr o mo s phe r i c E la re. 

A brief review of works, interpreting a flare as 
.an explosive phenomenon, was made by R. Kh.Guseinov @5], 

The model of the origin of a flare in the neutral plane 
between two dipolar fields, suggested by Wild [86]* is of some 
interest. 

Out of a large number of theoretical mechanisms taking 
up annihilation of magnetic field for explaining processes of flares 
at present the most prospective a re  the theories which consider 
rapid rearrapgement and dissipation of magnetic fields into the 
class of two -dimensional flows. 

The €irst step Sn this direction was taken by Sweet [ 
who studied one -dimensional s t e d y  compression of plasma 
between two antiparallel layers by considering 
in the r-adial direction along the layer. Sweet s 
gas pressure is less than the limiting value, hy 
equilibrium in this case becomes unstable in  the conducting 
medium. Motion, caused by disturbance of hydrostatic equilibri- 
um, leads to the fact that the distance between oppositely directed 
lines of force will be reduced and a v'elocity of dissipation, 

flow of plasma 
d that, if the 
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sufficient for accelerating solar particles, can be obtained in 
this way. 

However, while quantitatively evaluating Sweet's model, 
Parker [88] afterwards showedthat it leads to extremely large 
durations, necessary for releasing the energy. In order  to get 
lesser time of dissipation of magnetic field than the one 
obtained from Sweet's mechanism, Parker included the mechanism 
of ambipolar diffusion in Sweet's model. The essence of this 
mechanism lies in the fact that the magnetic field moves along 
with the electrically-conducting ionized component of plasma 
whose motion relative to the neutral component i s  delayed by 
friction caused by the collision of ions with neutral atoms. 
Owing to this phenomenon, decrease in effective conductivity 
can be included in the value of velocity of dissipation of magnetic 
fie Id. 

While reconsidering the mechanism of Sweet and Parker,  
Petchek [89] showed that the time necessary for conversion 
of magnetic energy into thermal energy i s  very large even 
on conside ring the mechanism of ambipolar diffusion suggested 
by Parker.  
dynamic waves will play an important role since ambipolar 
diffusion decreases on increasing conductivity. 
out in  the work of Petchek 1891 that in the case of a stable 
beam, both the mechanisms i. e. ,  diffusion a s  well as  
propagation of magnetohydrodynamic waves, function 
simultaneously leading to a higher ve Locity of annihilation a 
rearrangement of magnetic lines of force in  the mediumof 
high conductivity as  compared to the case when the wave 
mechanism is  not taken into consideration. 
Petchek's estimate, in the case of a compressible beam 
corresponding to solar flares, the energy, required fox a so 
flare, can be released during 102 seconds. 

The mechanism of propagation of magnetohydro- 

It is jxSinted 

According to  

Thus, this theory satisfactorily explains the rapid 
heating and ejection of plasma in the region of solar flares. 
However, the que stion of the generation e€ accelerated- 
particles remains unanswered in this theory. 

The model suggested by S. I. Syrovatskii [90] 
gives the most rigid picture of rapid dissipation of magnetic 
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field providing effective acceleration of charged particles. 
solving the magnetohydrodynamic equations for two - 
dimensional motions of plasma in the fields where the 
condition 

By 

(18.1) 

is satisfied, S. I. Syrovatskii obtained the equation of motion of 
plasma in the form 

(18.2) 
where p and 9 are  gas pressure and density of plasma r e  specti- 
vely and A is the potential vector of the magnetic field, 
It i s  shown that, in  this case, the disturbance of the initial 
equilibrium state leads to quick (with Alfven velocitytFA) 
establishment of a new quasiequilibrium state by displacing the 
transverse lines of force; moreover, the system will  undergo 
a number of quasiequilibrium states determined by condition 
of equation (1 8 - 1  ). 

By studying this problem for the region with neutral 
point, appearing between two parallel currents situated on x- 
axis and displaced to a small  distance S ,  it is possible to get 
the picture of motion of plasma and the frozen magnetic field 
which is  shown in Fig. 18. I .  As is obvious from the calculation 
of Jacobian transition from undisplaced coordinates to displaced 
ones, there appear regions with strong evacuation and 
compression of plasma during the process of displacement in 
the region h. >>A, (rs is  the distance a t  which Alfven veloqity 
becomes equal to the velocity of sound). 

In the region x there also appears a region of strong 
compression in which the characteristic ratio of the gradient 
of field to the concentration of plasma is equal to 

(1 8.3) 

where h is the gradient of the magnetic field, 

This value determines the cri teria of violation of 
frozenness in this region since owing to quasi-stationary 
equation 
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Fig. 18 .1 ,  Qualitative picture of deformation of magnetic field in tJle model of 
dynamic dissipation [go]. Harizontal hatching-Yegioe bf evacua- 
tion: double hatching - region of strong compressiun. Dotted 
arrows show the direction of deformation of the field. 

i 
the ratio h/n cannot go beyond the obvious iirnit 

hpL < he, (18. 
where n is the concentration of charges of both signs in the 
i plasma. , 

If the condition (18. 4) is not satisfied, it  means that the 
concentration of charges is insufficient to balance the increas- 
ing gradient of the magnetic field. It leads to the production of 
an induction electric field E which, as i f  directed dong the cur-  
rent i , accomplishes positive work on particles by increasing 
their energy; this is the process which provides transformation 
of magnetic energy into kinetic energy of particles, i. e. ,  dyna- 
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mic dissipation of magnetic field. It is characterist ic that this 
process is not associated with Joule dissipation and i f  the con- 
dition of frozenness is not satisfied, current density becomes 
maximum and the energy of the field is spent on increasing the 
total (relativistic) energy of particles. 

From the estimate of energy concentrated in the region of mag- 
netic com p r  es  s ion 

(18.6) !V ,N$ I hoF, 2 2  

it  follows that a fraction B of the total energy released is con- 
centrated in the region of compression. The remaining par t  is 
spent on compression in the region >-=and on deformation of 
the field in the surrounding atmosphere. 

Time characteristics of the process a re  determined f r o m  
the relation between fall of pressure in the region under refere-  
nce and the gaseous dynamic motion of plasma balancing the f a l l  
of pressure. It is shown in [90 ]  that the influx of plasma cannot 
balance the f a l l  of pressure if the basic currents move with a 
velocity ~774s where A is the velocity of sound in plasma. 

Since the motion in the region of strong field takes place 
with Alfven velocity *,>>A this process can be realized in 
practice. 

The obtained results were applied by the author to the 
phenomena taking place in a solar flare. 
the process at the usual values of concentration, temperature 
and gradient of the magnetic field was found to be 2ZLL 3x102 
see. 
generated in active regions on the Sun: strong gradients and 
significant displacements of spots a r e  necessary for flares gen- 
erating relativistic particles. 
energy is of the order of l o 3  e rgs ,  number of accelerated parti-  
cles Id 0.r 

Characteristic time of 

It was shown that only fast magnetic electrons are easily 

It was found that the l iberated 

1034 and their average energy & = w, N -109 ev. I 
S. I. Syrovatskii assumes that the regions of strong com- 

pression and flow of plasma along the line of force can be res- 
ponsible for optical radiation of flares and for the phenomenon 
of loop -shaped protuberances. 
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This model does not explain a number of questions such 
as  subsequent progress of the process, distribution of acceler-  
ated particles according to energies and charges, etc. Never- 
theless, S. I. Syrovatskiiss conclusion about the appearance, in 
unstable plasma, of the regions with strong compression and 
at  the same time, with high vacuumI which is the cause of gen- 
eration of fast particles, is very  important for understanding a 
number of questions of magnetic hydrodynamics and physics of 
cosmic rays. 

The problem of the stability of plasma in the region of 
sunspots is considered in a number of works. In particular, 
Sweet [91] analyzes the stability of twisted plasma-tube with 
forceless magnetic field as applicable to the problem of the 
nature of chr om os phe ric flar es . Axially -s ymm et r ic al for celes s 
field becomes unstable at a particular critical value of the var i -  
able parameter a = acrit in the relation ro t  H = a H. The prob- 
lem of stabilization of two-axial configuration of the field has 
been shdG&.:with the help of the current layer. 
finite conductivity of plasm a, the surface current layers wil l  
intersect the asymptotic lines of the magnetic field. Energy 
aspect of dynamic stability of forceless magnetic fields with 
asymptotic lines has been studied for the case of ohmic dissipa- 
tion. The parameter of the forceless field changes t$ue Yo 
dissipation processes and due to transformation of internal mag-  
petic flux into external "current shell". 
forceless field is given which facilitates qualitative determina - 
tion of the behavior of the critical value of the parameter a c rit at which there appears unstability and annihilation of field, 
determining the energy of chromospheric flare.. 

' 

In the case of 

The energy diagxam of 

Stability of magnetic fields of sunspots is studied theoreti- 
cally in the work of Sakurai [92]. 
a re  unstable, solar plasma, surrounding the tubes of force, has 
a stabilizing effect. In the case of any change in this equilibrium 
in the lower part of the tube of force floating in the chromosphere 
in lower corona, unstability develops rapidly and leads to sudden 
collapse of the field and to rapid compression of the lines of 
force. The plasma in the tubes gets heated while the part  of 
plasma with superthermal velocity gets accelerated to the ener - 
gies of cosmic rays and thus, becomes the 3ource of solar cos- 
mic rays and electrons of high energy. Electrons a r e  retained 

437 

Although, in general, they 



L.I. DORMAN AND L.I. MlROSHNICHENKO 

near the flare by magnetic fields and while interacting with the 
fields, they become a source of radio emission of type IV. A 
part of the accelerated electrons which had penetrated into the 
chromosphere, after getting scattered at hydrogen atoms, ions 
and irregularities of magnetic field, pass through the corona 
accompanied by radio outbursts of type 111. 
during scatbering of these electrons is identified as outbursts 
of X-ray radiation. Immediately after plasma heating, there 
takes place widening and floatation of magnetic fields beyond 
the limits of the flare region followed by generation of shock 
wave which excites radio outbursts of type 11. 
motion of field along with plasma, an electron cloud is formed 
which acts as flare nimbus and loop-shaped protuberances r e s -  
ponsible for radio outbursts of type IVm B. The author empha- 
sizes upon the fact that chromospheric flares as well as accelera- 
tion mechanism of particles are  closely related to  the unstability 
of the configuration of magnetic fields in the group of sunspots. 

A general physical picture of solar f lares,  which is re- 

Braking radiation 

During the upward 

lated to changes in magnetic fields of sunspots is suggested in 
another work of Sakurai [93$ It is mentioned that two fundamen- 
tal processes - -  compression and widening of two mutually inter- 
acting magnetic tubes - -  f o r m  the base of these changes. 
phases of a flare corresponding to these processes a& pointed 
out. A list of phenomena associated with each of the phases, 
i s  given in the article in the form of a table. It is mentioned 
that the phenomena, corresponding to the compression phase, 
point out the important.role of this process in the generation of 
high-energy particles. The phenomena, accompanying the 
expansion phase, a r e  important for  understanding the exit of 
particles and waves, generated during the flare, in the inter- 
planetary s pace. 

TWQ 

The role of electric fields in accelerating particles 
during flares was studied in detail by Sakurai [94]. 

19. CHARACTERISTIC FEATURES OF THE SPECTRUM 
AND COMPOSITION OF SOLAR PARTICLES AND 
ACCELERATION MECHANISM§ 

Flux of solar particles is measured in three proximate 
(or overlapping) energy ranges: 1-50 Mev (riometers, rockets 
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and satellites), 50-500 Mev (balloons, rockets and satellites), 
'7.500 Mev (ground-based equipment) (see Chapter I). 

important to compare the observation data referring to different 
energy ranges 

In order 
* to analyze the nature of the spectra of solar particles, it is 

Methods o b  representing the spectra of solar particles 
were discuseed in  detail in Section 8. 
power form (with respect to energies or rigidities), the following 
characteristic features of the spectra of solar protons a re  irn - 
portant for studying the acceleration mechanisms: 

If the spectrum has a 

1) constancy of spectra from flare to  flare for energies 
up to a few hundred Mev and increase in the inclination of spec- 
trum at higher energies (A. N. Char akhch' yan [E. 1513; 

2) inclination of differential energy spectrum with a 
break in the region of 20-40 Mev (Biswas et  al. [III. 121, Bryant 
et al. [I. 231); 

3) modification of spectrmn with time (Bailey [9 519; 

4) origin of protons of given energy with increasing angle 
of arrival (Stazeer 1961 ); 

5 )  arrival of the most energetic protons ear l ier  than ex- 
pected provided they a re  accelerated in the chromosphere or 
lower corona. 

In order to interpret these peculiarities of the spectrum, 
Waddell [97] suggested a model of acceleration of protons due 
to shock waves excited in the corona by the heat from the flare. 
The simultaneous solution of relativistic equations of the motion 
of protons and the motion of m netic field, giving r i s e  to shock 
waves shows that energy of protons can attain a value ranging 
from a few units to a few hundred MeV. 
increases, the probability of their scattering in front of the 
shock wave also increases. This scattering is naturally dis- 
orderly as a result of which the protons coming out to the surface 
a re  distributed isotropically. As the energy of shock wave is 
consumed by scattered protons, the wave weakens and dis- 
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appears. 
through the interplanet y space as a function of heliocentral 
distance, location of f P  es, ewer gy liberated and,the direction 
of exit to the surface. 
with the observed peculiarities of the spectra of solar protons. 

Waddell also calculated the time of. flight of protons 

The results calculated qualitatively agree 

As far as the spectra of solar particles with Z 2 2 a re  ~ 

concerned, Freier and Webber [HI. 6 suggested to use a function 
the type exp (-R/Ro) for representing them (see Section 8). 
the other hand, by comparing exponential rigidity spectr 

of protons and nuclei with Z 7/ 2 ,  Biswas and Fichtel [III. 29 
showed that, although these spectra have similar form, they 
are  not absolutely identical. The condition Rap= Ro, in (8. 2) 
is not always satisfied and the e r ror  in this conclusion has 
been estimated to be 4 0. 1%. 
sults of Section 8 provide a sufficiently solid base to consider 
it to be less probable that some of the simple spectral forms 
given by equations (8. 1) and (8.2) can satisfy the experimental 
data for solar protons as well as for a-particles andmedium 
nuclei. It should be mentioned that the dependence of distri- 
bution of solar cosmic rays on the velocity as well as on the 
rigidity of particles does not make it possible to consider this 
conclusion to be final owing to limited modern explanations 
on acceleration and distribution of solar cosmic rays. 

This estimate as well as the r e -  

On the basis of experimental data discussed in earlier 
Chapters, it is possible to make certain quwtitative estimates 
and draw conclusions about the generation spectrum of solar 
comic rays. 

As shown by L. I. Dorman [I. 51 for the February 23, 
1956 flare and by Roederer [98] for a number of other flares, 
two spectral representations (8.6) and (8. 7 )  apparently corres-  
pond to two types of acceleration processes in the generation 
region: 

1. Statistical processes of imparting momentum to 
particles trapped in the acceleration region (Fermi  mechanism 
in turbulent fields, acceleration by shock or agnetohydrodyna- 
mic waves). These processes, a s  is well known, distribute 
accelerated particles according to their energies. 
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2. Electromagnetic processes of acceleration due to 
participation of electric fields (for example, betatron effect 
or acceleration in  an electrostatic field); this type of processes 
act on particles in accordance with their rigidities. 

For the f i rs t  type of processes, the total number of 
particles in the generation region is determined from the 
equation: 

where 7, -average time of accumulation of particles in the 
acceleration region; 

%((t,t)- emission function defined by velocity of injection; 
At/& - velocity of accumulation of energy by a particle 

during acceleration. 

Thus, the f i rs t  term in the right-hand side of equation 
(19. 1) describes the distribution of accelerated particles, 
second term, their exit from the acceleration region and the 
third term, the injection conditions. 
limit for the velocity of injection: 

There exists an upper 

q ( e ,  t ) = O  at E > q. (19.2) 

where 
for statistical mechanisms similar to F e r m i  mechanism is 
equal to 

6 i is the energy of injection. The rate  of acceleration 

(19.3) 
where Za i s  the characteristic time of acceleration. 

If the acceleration stops at t ime to and if Z, 4L to, a 
steady state will be attained immediately after the beginning 
of acceleration: dN/dt = &,. 
can be written as  

The soluti;; of (19. 1) in this case 

N ( E )  = Ke-v, (19.4) 
where Y = (1 t Ta/ Tc) and 
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For the February 23, 1956 flare, it was found that to= 
5-10 min, ti - lGev, 
sec 
perimental data (see section 2 ) .  

&ax cv 20 Gev, 500 sec, 7 c  - 80 
and index of the spectrum y -7  which agree with the ex- 

For the betatron process of acceleration in which the 
particles are trapped in the magnetic field increasing exponen- 
tially with time: 

and i n  this equation the rate of acceleration is equal to 

similar computations lead to power rigidity spectrum. 

Let us now consider the process of acceleration by 
an electric field in which the rate of acceleration is defined only 
by the intensity of some average field Eo not depending on the 
rigidity of particles: 

(19.7) 
d R  - = bEo=const. dt  

In this case 

For the later stage of acceleration t -to when steady 
state is attained, the solution of eqn. (19.8) w i l l  be 

R 

A t  R >Ri where Ri is the maximum injection rigidity, the 
integral in the right-hand side of equation (19.9) is a constant 
and the r e f o r e 

(19.20) 
.where Ro = b EoTe and 
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i. e.,  an exponential rigidity spectrum similar to the O r ~ e .  puggest- 
e$ by Fx'eier and Webber [III. 61 is obtained. 
[III. 61, R o w  150 Mv, R,, = bE0'EG-3 Gu and therefore, putting 
t = 10 min and Eo = 1.6 x 10-4 v/cm we get the rate  of accumu- 
lation of rigidity and the value of Z, %S 

According to 

(19.1 1) 

Fr ier  and Webber [III. 61 put forwarii a number of views, 
which a re  given below, in favor of formation of the exponential 
rigidity spectrum on the Sun. 

Qbviously, propagation of solar particles plays a signifi- 
cant role in the modification of their spectrum. 
be clear only at that time when a satisfactory model of the inter-  
planetary medium wil l  be formulated. Nevertheless, according 
to Freier and Webber [III. 61, one fact is very clear: the charac- 
terist ic rigidity Ro in the exponential spectrum changes. with 
time during the flare but the spectrum retains its exponential 
form. Thus, the process of propagation significantly changes 
the value of Ro but does not change the exponential form of the 
spectrum. 
trum also has an exponential form with characteristic rigidity 
Ro which slightly differs from the one measumd at the Earth. 

This role will 

It facilitates the assumption that the emission spec- 

Recently Stein and Ney [99] studied continuous spectrum 
of electromagnetic radiation of the Sun (from radio waves to 
visible light) during the initial phase of a chromospheric flare. 
It was shown that this radiation is caused by synchrotron radia- 
tion of electrons in solar magnetic fields and its spectrum can 
be explained only on the basis of the exponential rigidity spec- 
trum for electrons with values of Ro near to those obta€ned for 
protons. 

These results require consideration of the possibility 
that electrons, protons and heavier nuclei have similar exponen- 
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tial rigidity spectra during acceleration in a solar flare. What 
is the pos"sib1e mechanism of this acceleration? Fermi  mecha- 
nism and betatron mechanism are  the two most  popular methods 
of acceleration. However, as shown above, these mechanisms 
lead to power energy or rigidibj spectra of accelerated particles. 
Alfven mechanism which i s  a very general type of betatron 
acceleration by considering scattering of particles at small-  
scale irregularities of the magnetic field also cannot be eliminat- 
ed. This mechanism must give the spectrum as  a power function 
of the momentum of particles. 

Taking into account the difficulties of Fermi  mechinism 
and betatron mechanism in explaining the results [III. 61, it is 
appropriate to consider briefly other acceleration mechanisms. 

The fact, that R (rigidity or momentum per unit charge) 
is the independent variable in the exponential spectrum, facili- 
tates the assumption that the potential vector A, which in units 
i s  equivalent to R, takes part  in acceleration process. Electric 
field E acting for a time t on the particle of charge Ze wi l l  im- 
part to this particle a momentum per unit charge determined by 
the relation 

under the condition that the particle started accelerating from 
zero velocity. The electric field can be written as 

(19.13) 

There ar ises  the following question: how can an electric 
field of sufficient intensity exist and accelerate particles in  
the region of flares on the Sun? 
conductivity of solar plasma, it i s  difficult to  think of a way i n  
which a three -dimensional charge, suffixient for  giving r i s e  
to a significant electric field, can originate or  the induced elec- 
t r ic  field can accomplish work on particles. 
workers, for example, Parker [88]  studied these questions in 
great detail. 

Taking into account the high 

Many research 
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Most of the observers attribute a flare to  an accidental 
process which, due to its nature, apparently requires fulfill- 
ment of special conditions (see Ellison et  a1 [27]). Can such 
conditions exist which could eliminate the known problems 
created by the difficulties of existence of electric fields in a 
highly conductive plasma of a solar flare? A number of r e -  
search workers give an affirmative answer to this question (see 
Dangey [ 7 0 ]  ). Under some special magnetic configurations, 
the electric field possibly functions within a relatively small 
volume filled by particles. The total fall of potential in  this 
region and the total number of particles, which could have been 
accelerated, do not contradict the modern observational data. 
Conditions for the existence of a discharge a re  possibly created 
in a way slightly different from that in the case of the special 
configuration of field suggested by Dangey. 
it i s  necessary to consider the possibility that instantaneous 
acceleration of solar cosmic rays can take place due to arbi-  
t rary fluctuations of electric fields in the flare region especially 
i f  it  is taken into account that powerful motions of plasma and 
magnetic fields definitely give r i se  to the effect of formation 
of a local three-dimensional charge. 
to which of these acceleration mechanisms is the main mecha- 
nism, it is necessary to have more detailed data on soiar plasma 
and real  physical conditions in the flare region. 

On the other hand, , 

In order to explain as 

After indicating the inadequacy of the modern theories 
of acceleration for explaining the peculiarities of exponential 
spectrum, Freier and Webber arrived at the follbving conclu- 
sion. The acceleration mechanism, capable of forming above- 
mentioned rigidity spectra for particles with various charge - 
to-mass ratios, apparently function at the source i f  it is con- 
sidered that electrons, giving rise to synchrotron radiation in 
the flare, have the same characteristic rigidity R, as  protons 
and a -particles during acceleration. 

Electric fields of the type (19. I I ) ,  necessary for expo- 
nential spectrum, can possibly be provided by the acceleration 
mechanism, suggested by S. I. Syrovatskii [90] due to dynamic 
dissipation of the magnetic field. 

A s  mentioned in Section 8, Freier  and Webber [III. 61 
put forward the hypothesis according to which rigidity spectra 
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can be related to distribution of particles in the plasma ejected 
by solar flares. 
were obtained i n  [In. 61 by extrapolating the spectrum of plasma 
particles, i. e., the total spectrum of solar protons includes 
plasma in the low-energy region. However, as shown by Roe- 
derer [98] ,  the mechanism of distribution of solar particles 
according to rigidity imposes limitations on this hypothesis. 

Spectra of high- and medium -energy protons 

Qbviously, in order to  draw af ina l  conclusion about 
the nature of processes giving r i se  to spectrum of solar parti- 
cles, it is necessary to know if  the spectrum remains exponen- 
tial up to  the processes of modulation in  the interplanetary space. 
The results, obtained from diffusion theory (Section 14. 7), 
show that the spectrum of solar protons at the source has the 
form - 8k-Y at least in the region of nonrelativistic energies 
of 10-500 MeV. 

20. ACCELERATION MECHANISMS 

20. 1 Injection mechanisms: The study of acceleration 
mechanisms of solar particles, conduct@ by L. I. Dorman 
[101, 1023, shows that, at reasonable values of acceleration 
parameters, injection energy is much more than the average 
thermal energy kT and thus, the fraction of accelerated particles 
is very low in these cases. By analyzing the condition of injec- 
tion of particles from the medium in-between magnetic mi r ro r s  
or inagnetic clouds and the condition of injection for acceleration 
in the magnetic trap, L. I. Dorman [I. 51 showed that solar 
particles must preliminarily gain energy (protons, up t o  a few 
Mev and electrons -- up to rv l o 5  ev) with the help of some non- 
electromagnetic mechanism. It was concluded that the flux of 
'injected particles wil l  be sufficient for further acceleration to  
higher energies only if a thermonuclear reaction takes place in 
the flare (see Section 21). 

Recently, liberation of heat of local plasma in the 
region of f lares has been taken as the basic injection mechanism 
in a number of works. In the case of such an injection mechani- 
sm, initial composition of accelerated particles must be the 
same as  the composition of solar atmosphere. 
assumption that the injected particles belong to the upper "tail't 

From the 
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of thermal spectrum,, it  is  most probable that the particles 
participate in the process of basic acceleration in highly 
ionized state [103, 1171. 

20.2 Basic acceleration. As mentioned in  Section 19, 
acceleration mechanisms, in  which accelerated particles a r e  
considered as external with respect to plasma and in which, 
due to this, participation of injection energy is inevitable, 
include two processes : magnetomec3anical and electromagnetic. 

A systematic study of such acceleration mechanisms 
was conducted by Hayakawa et al. [IIL 541. Two ways of energy 
transfer -- regular and statistical-- a r e  differentiated in  the 
acceleration process. 
associated with rapid processes; the statistical method i s  
important for understanding the energy spectrum df accelerated 
particles. The dynamic consideration of acceleration 
mechanisms is formulated ila the study Bf motion of a charged 
partick in a given external electromagnetic field. 

The regular method is usually 

It was shown that Fermi mechanism of acceles&oli 
(change in energy i s  proportional to the energy of the $Wrticle) 
comes into play in every collision in which the Wr t i cb  i s  
subjected to kinematic action, 
is no correlation with the previous motion of the particle and that 
only pure (independent) change in energy is observed during 
every new collision. Since the Fermi process i s  associated with 
the change in the longitudinal comppnent of momentum and 
betatPon process, with chaage in the transve r se l  component, 
these two cases can exist simultaneously under actual conditions. 

It is significant to note that there 

I 

The general picture of adeeleration of charged particles , 

is consideded in [III. 541 on the basis of the behavior of a partt- c 

cle in electromagnetic fields o f  special conEigurations. All the 
studied models of magnetic field have the form of magnetic 
“bottles” with the addition of three -dimensional and time 
irregularities. 
particle without any limitations i s  represented by three types : 
rotation about the magnetic line of force, longitudinal 
displacement along it and azimuthal drift along the surface of 
the magnetic “bottle ‘I. 

In these configurations, the motion of a charged 
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These types of motion of a particle a r e  unambiguously 
differentiated when the Erquency of the imposed magnetic field 
ia small as compared to the frequeacy.of Larmorov precession, 
i. e. 
In this case, change in the energy of a particle in the reference 
system of the observer will be described by the relation 

when the approximation of guiding center is applicable. 

where 

I 
Here H = & His ,  t)  represents three -dimensionaI derivative, p 
is the momentum, v is the velocity of the particle, o( is the pitch 
angle and J and q a r e  the integral of action and phase of 
rotation zspectively, ( e ) c  and ( &  z<b correepona EO betsrtrcm 
and F e r m i  processes respectively; ( & )I represents the  6Tf’ect 
of induced acceleration and ( E  )T describes the acceleraiion 
associated with rotation. Average value for Wf is used as a 
rough approximation of the theory when the rotation is consideit’d 
to be fast. In this case, the last two terms in (20.1) play a 
negligible role and therefore 

(20.2)- 
where 

However, since the path of a partiicle in the acceleration region 
significantly depends on tKe rigidity of particle R, the ra te  of 
acceleration should be expressed a s  a function of rigidity and not 
of energy: 

(20.3) 
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Here, as  mentioned eqrlier, the first  t e rm on the r 
side explains Fermi acceleration and 
acceleration. 

conditions of ac e l ~ r a t i o n  of solar particles can be 

where M i s  the mass ofthe nucleu 
electron. It follow 
effective for nuclei 
the betatron me chani s m . 

is the mas8 oP an 

One of the authors of [III, 5-41 ~ ~ ~ g ~ i r n ~ a ~ ,  with 
model, explained the composition of solar cosmic r a y s  of 

an observed exponential rigidity spectra: Fermi 
acceleration predominates at the ear l ier  stage of acceletatio 
while betatron mechanism plays the leading role at the later 
stage, This model gives a satisfactory explanation to the 
observed phenomena of acceleration of solar par t ic les4 -But it 
is very difficult to explain acceleration of electrons. The 

that nonrelativistic solution of equation (20.37 in the 
is the initial r igidity) 

after putting in  it the values satisfying (20.4), we get 6, = 40 kev 
€or electrons while energy of eleatrons is found to be more 
than a few M e v  from the observations on radi; emission of solar 
flares. In order to overcome this difficulty, Nishimura put 
forward a suggestion that the initial rigidity of particles must 
correspond not to 10 3 ev a s  w a ~  assumed earlier but to 10 6 ev 
which colliresp 

the injection m 



As compared to  [III, 543, Sakunai [a051 btained a more 
complete equation for acceleration of charged rticles in  the 
approximation of guiding center, adopted in [III. 541. The 
equation is derived from the motion of charged particles in  a 
magnetic field, changing with time a d in space, In this case, 
the change i n  energy for a pnrticle o energy W i5 represented 
by the form 

e re  B is the intensity of magnetic field B; 
of the velocity of particle parallel to the ma 

elocity of magnetic field, I is the unit vector parallel to  
and S represent the momentum, pitch angle and length o 

is the component 

a r c  along the magnetic line of force respectively. 
and third terms in the right-hand side of equation ( 2 0 . 6 )  
describe. Fermi acceleration of first order and rcm 
acceleration respectively. The first t e rm in the -hand 
side of equation ( 2 0 . 6 )  disappears when the velocity of magnetic 
field does not have a component perpendicular to  the lines of 
force, i. e , ,  when 

The second 

0.7) 
Thus, the first t e rm of ( 2 0 . 6 )  describes Fermi acceleration 
of the second order. 
compressed simultaneously in the longitudinal and transversal  
directions, both the mechanisms --Fermi acceleration of the 
f i rs t  and second orders  - -can function simultaneously. 

I€ the magneticsfines of force a re  

The equation for the average change of energy of 
accelerated par t icbs  can be transformed into the equation for 
change of rigidity in the following way: 

(20. 

where a and b are effectiveness oE Fermi acceleration of the first 
and second orders  respectively. 
the relativistic region, Fermi acceleration depends on A/Z while 
betatron acceleration i s  defined by rigidity R, 
the results obtained by Hayakawa e t  al. [III. 541. 

It f o b w s  from (20. 8 )  that in 

It agrees with 
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Induction mechanisms of acceleration of solar particles 

He showed that, in the case of a field H* 1 gauss, protons 
as a result of change in magnetic fields were studied by Korff 
[106]. 
and other charged particles can accelerate to energies of the 
order o f  many Mev during a period of a few seconds. If this 
period of acceleration has to be sufficient, the acceleration must 
take place at altitudes of lo4  km above the photosphere of the 
Sun. 
work of P.E. Kokpakov [LO71 that regions of chromospheric-cum- 
coronal plasma, situated in boundary regions of the magnetic 
field of the group of sunspots, a re  more favorable regions for 
acceleration of charged particles by induced electric eddy fields. 

From the point of view of the possibility of explaining the 

It does not contradict the conclusion made ear l ier  in the 

charge and energy spectra of solar cosmic r a y s  as well as for a 
more complete description of physical processes observed during 
solar flares, mechanisms of acceleration of solar particles by 
shock waves in solar plasma are  of great interest. 
a r e  caused by turbulences in flares and by subsequent emission 
of fast modifications of hydromagnetic waves, which, as  shown 
by Kiepenheuer [108], become sharper when they get into the 
corona. 

These waves 

One such mechanisms of the first  order was suggested 
by Schatzman [lOS]. According to his modeL, solar particLes 
a re  accelerated by perpendicuhr hydromagnetic waves where 
magnetic field intensifies transverse to the shock front. 
consider the case when charged particles have superthermal 
ye locities and consequently, when losses at collisions can be 
neglected to first approximation. 
moving with the matter, such a particle rotates in the magnetic 
field. Intercepting the shock front, the particle, which rotated 
before the front, is subjected to  acceleration, rotates in the 
medium behind the front, intersects the shock front, again gets 
accelerated and so on. 
field before and at the back of the front is irregular. 
a s  shown by Parker  [ l l O ] ,  grouping of magnetic fields leads to 
a stochastic process necessary f o r  movement of some particles 
along with the shock front. A s  a result ,  only a part of them 
remains behind the front with an energy increased by as many 
times as the difference between the magnetic fields before and 
behind the front. 

Let u s  

In the coordinate system 

This euect is possible only i f  the magnetic 
In this case, 
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The energy acquired by a particle after covering a distance 
L along with the shock wave is determined from the relation 

where €o is the potential energy of a particle, B is the magnetic 
field and ?is the amplitade of the shock wave: 

are  the densitiee of the ~ e d ~ u ~  betbre a 
respectively. At L = 109 cm, B = 50 gauss 

= 1 , 1 9 ~ 1 0 ~ ~  ev for a proton. The s 
the energy spectrumof accelerated particles is given in  the form 

=: 10-IS we get 

.lI 

is the hypothetical temperature determined by the 
parameters of the shock wave. 
conclusions with the measured data, Schatzman concludes that 
the hypothetical temperature varies f r o m  event to event. 
Nuclean c m p o  sition of accelerated particles (only protons and 
C4- particles are  considered) also finds a satisfactory- 

explanation on assuming that the relative probability-@€ acceler - 
ation of &particles, as compared to the probability of 
acceleration of protons, is d direct function of the amplitude 
of shock wave (20,lO). 

By comparing the obtained 

The theory of acceleration of solar particles by 
hydromagnetic shock waves was worked out by Wentzel [ 1111 
in a well-formulated way. 
was suggested in which chains of shock waves move across  
each other with equal amplitudes and with sufficiently smooth 
structure and then, the magpetic moment of an accelerated 
particle remains constant mrywhere excepting in those regions 
of shock points which are considered to be thin as compared 
to the Larmoav radius of particles. Colliding with such a 
front, the particles undergo arbitrary accelerating reflections 
but never get retarded. ObviotEsly, the obseryed form of two 
parallel threads will be the most-favorable geometry of flare 
for such an acceleration model. 

Fer& mechanism of the first  order 
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Aresumption about the constancy of magnetic moment of 
particles outside the shock fronts requires minimum values of the 
radius of rotation and rigidity; therefore, the number of 
particles, injected in the acceleration region with the radius of 
rotation sufficient for acceleration, depends on the Z,’M ratio. 
In this way, the injection conditions explain the variations of 
p/.c ratio for different events at a constant (within the limits 
of uncestainty) ratio of other components of solar cosmic rays. 

During such a mechanism, the momentum of a particle 
increases and the increase follows the exponential law a s  is 
obvious from the relation 

dP - = 2t,jpp. dt 
(20.12) 

Here tsh is the time of existence of the particle being accelerted 
before the shock front and3 is the total number of reflections 
accelerating the particle. It is easy to see that equation (20.12) 
i s  applicable to nonrelativistic as  well as to relativistic energies. 

The acceleration spectrum was obtained in [ 11 11 by 
solving the continuity equation for particles leaving the 
acceleration region and under the condition that the solution is 
not modified by propagation through solar and interplanetary 
fields. Here, it was shown that this mechanism can give r i se  
to a number of different spectra [depending upon the form of 
(20.12)] out of which following are  the simplest ones: 

(29.13) 
1 -I-- I e>, (e) - e = I  

where po,T, and dare  constants. Spectra for a number of 
flares of solar cosmic rays have been explained in [111] wit21 
the help of equation (20.13). -Difficulty of the suggested model, 
Erst of all, lies in the estimation of the duration of emis:,:on 
of solar particles from the acceleration region which defines 
the nature of spectra (20.13). 
that similar difficulties also arise in many other acceleration 
mechanisms mentioned earlier. 

It should however be mencrpned ,* 

45 3 



&,f ,  DORMAN AND L, OSHM CH6: NKO 

In our opinion, the study of acceleration of cosmic rays 
by high-frequency turbulency of unsteady plasma (for example, 
by plasma waves as  well as by transverse waves into which the 
plasma waves get transformed) i s  very perspective. This 
question has been considered in a number of works of V. N. 
Tsytovich [112-114]. 

The high-frequency turbulency corresponds to the 
minimum possible scale of turbulelzcy in plasma. 
the particle experiences maximum number of collisions with 
waves during acceleration a s  a result of which the acceleration 
by auch a mechanism can be much more effective than 
acce le ration by hydrodynamic turbulency . 

Therefore, 

As far a s  mechanisms of generation of high-frequency 
turbulency of plasma a re  concernedo there exists a number of 
possibilities one of which is the generation of high-frequency 
turbulency by accelerated particles themselves. 
of intense vibrations in plasma, i. e., in the nonlinear approxi- 
mation, there is a possibility of swinging of longitudinal vibra - 
tions by cosmic rays. Another possibility of nonlinear genera- 
%ion of plasma waves is realized in the presence of tfarisverse 
waves in plasma : it i s  caused by the effect of i ndued  scattering 
of transverse waves a t  the acqe’lerated particles by. transforming 
into longitudinal waves. The process of acceleration of charged 
particles by high-frequency turbulency, in the general case, can 
be described by diffusion equation, 11231 

In the presence 

(20.14) 

Here fp is the distribution function of particles being accelerated, 

radiation by a particle. The change in the average energy of a 
particle be’ing accelerated for isotropic turbulency is obtained 
as 

Nk e is the number of waves and W p  (k) is the probability of wave 
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where v is the velocity of the particle, 
frequency, We = 
and W~:do/lhl is the phase velocity of plasma waves. 
(20.15) follows the general conclusion that, a t  a given density 
of energy of turbulency of plasma waves, the higher the phase 
velocity of plasma waves, the more effective will be t h e  accelera- 
tion. For the partial case ur*+,change in the energy of t he  
particle being accelerated was obtained in [I121 as 

W e  is the  plasma 
& is the density of energy of turbulency 

From 

is the energy of plasma waves in 1 cm'3 

The expression (20.16) almost does not depend on *a . 
Ther-efore. the mechanism of acceleration bv plasma waves is 
practically uninjected, i. e. , correctly speaking, injection i s  
defined by a self-regulating process: waves, having hig&-V# , 
get accelerated more intensly and damp quickly. There ,femain 
the waves with v 44 v (v is  thp average thermal velocity of L 

electrons). 
and therefore, plasma waves change whole of the 'tail' of initial 
distribution of particles being accelerated. 

Q 7 7  
These waves will accelerate particles with v > v g  

If the density of the energy of plasma waves is evaluated 
according to [112] as 

'A e 104- 105 ev/cm3, VT N3.10 7 cm/sec 

yp k 3.10 8 em/sec,  A, - 3. lo4- 10 5 cm, 

then 

For  Fermi acceleration, a similar estimate givee 

de 1 8 6  - N 10' - [erg/secJ 
df m c 2  

(20.17) 

0.18) 
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It follows from the comparison of (20.17) and (20.18) that  the 
acceleration by plasma waves is more effective than Fe rmi  
acceleration of the first order right up to & = (0.5 -1. 5)x101 
(for electrons). 

e v  

The mechanism of acceleration of particles due to  dynamic 
dissipation of magnetic field, suggested by S.I. Syromtskii  [90] ,  
is a t  the same time an extremely suitable mechanism of plasma 
turbulization; obviously, specific applications of this rnec hanism 
require the analysis of the role of turbulent processes in genera - 
t ion of particles. 

L e t  us mention some quantitative estimates. The parti- 
cles, external with respect to plasma, wil l  exper ience acclera- 
tion due to electric field and retardation due to collisions with 
plasma particles. For fast particles, there is a possibility of 
such a situation when acceleration predominates over retardation 
Le. , the particles %un-awayn. Critical value of the electric 
field is determined from the condition a t  which Ohm's law ik 
applicable to plasma since, when E 7- Ecr, the arunning-awaye 
particles s tar t  losing energy for generation of high-frequency 
turbulency in plasma and it changes Ohm% law: cmduetivity is 
determined not f rom collisions with plasma particles but from 
collisions with plasma waves 

Therefore, 

1.p = a&*, 
and since 

(20.19) 

(20.28) 

where H/Z is the gwadient of magnetic field observed during a 
flare, then at  

particles may get accelerated by high-frequency turbulency in 
which case heavy multicharge ions a r e  accelerated more effec- 
tively than light ions. 
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roim this point of view, a 

Id when the magnetic f i  

B acc ion o 

esnkhezako and 

ys at the concludi 
stage of a Rare. 

. A ,  Gintsburg [1 put forward a mechanism of accele 
tion of electrons and ions in nonlinear magnetohydrodynamic 
Currents, i. e . ,  isolated pulses sf magnetic field and plasma 
_(the so-called solitones recently obtained even under labpatory 
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conditions). 
in magnetic field (rot E = - &  aH/at ) is the physical cause of 
acceleration. 

Electrical eddy field, arising due to rapid changes 

Important estimates on the number of particles being 
accelerated in an ionized gas under different acceleration mecha- 
nisms were obtained by A , V .  Gurevich [117]. 

Recently, B.A. Tverskoi [I821 studied scattering, diffusion 
and acceleration of nonrelativistic charged particles in turbulent 
plasma by assuming that turbulence is hydromagnetic and its 
characteristic dimension is much more than Larmorov radii of 
particles being accelerated. It was shown that ,  if fluctuation 
spectrum is dh2/df N fey, scattering at  all values of y i s  caused 
by cyclotron resonance, 
defined by Fermi mechanism while at  y 5 2, Fermi 
a s  well as cyclotron resonance play a significant role. 
limited plasma, acceleration leads to an increase in the internal 
dimension of turbulence and to a corresponding reduction in the 
number of resonance particles being accelerated. In the limited 
plasma, a steady distribution is established and dissipation of t h e  
energy of turbulence is caused by diffusion of most energetic 
particles from the turbulent region. In (1821, the effects of 
turbulent diffusion and acceleration of particles in the inbr - 
planetary medium have been studied, equilibrium spectrum of 
hydromagnetic fluctuations dh2/df c11 f - 2  has been obtained on the 
basis of experimental data, diffusion coefficient and spectra of 
accelerated particles in the energy range of 10a2-102 
been calculated and the relation between tbe rate of di 
of turbulent energy and parameters of fluctua 
been studied. On the basis of results (1821, 
possible to explain the effects of increases i 
energy protons usually observed simultaneo 
commencement of a geomagnetic storm (Le 
arrival of disturbed plasma to the  Earth) (S 

Acceieration of particles a t  

Xn un- 

A.K.  Yukhimuk and M. Kh. Kats he pos sibility 
of acceleration of charged particles during their scattering a t  
ekctromagnetic fluctuations of interplanetary plasma. 
known that the higher the degree of fluctuations in plasma, the 

It is  

4 Persrmal communication. 
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higher will be the rate of change of energy of a particle moving 
in turbulent plasma. It was shown tha t  the change in the  energy 
of a particle is maximum at v cos(po'vue where v is the velocity 
of the particle, ue is the velocityof plasma electrons and qo 
the angle between the directions of v and ue. 
case that i f  Alfven velocity v ~ < < C t h e  effect of magnetic field 
on the change in the energy of a moving particle can be neglected. 
This work mainly differs from [l82] in the fact that the nature 
of spectral distribution of fluctuations facilitates the study of 
interaction of charged particles with turbulent plasma in general 
without introducing detailed properties of the spectrum of tur-  
bulence while in [182], a study of similar problems required 
detailed knowledge of the spectrum of turbulent fluctuations of 
plasma. The interaction of charged particles with turbulent 
plasma in the presence of radiation was studied in [112 -11 41. 
Significant acceleration of ions is the main hindrance in such an 
approach. 
(ko i s  the maximum value of wave rrector), providing divergence 
of the expression for the change in the energy of a particle, is 
the main drawback of t h e  work of A.K. Yukhimuk and M. Kh. 
Kats. 

is 
It was found in this 

. 

Uncertainty of selection of the parameter b = ko-l 

Recently V. Ya. Davydovskii and E.M. Yakuskv [186] 
studied the mechanism of acceaeration of particles by electro - 
magnetic waves of variable propagation velocity. 
tion takes place due to an increase in the velocity VM of magnetic 
t rap (wave) in the laboratory system of reference (longitudinal 
velocity of the particle v,, ~ v M ) .  
caused by electromagnetic waves in plasma, concentration of 
which changes slowly along the direction of propagation. 
and final energy of the particle being accelerated &; 
a re  related to corresponding values of concentration ni and nf 
by the relation 

~ m ' ~  while in the upper corona nf =: 106 cmm3 as a result  of 
which E+. = 1 010-1 O1 

The accelera- 

The accelerating t raps  can be 

Initial 
and € 4 ,  

= ( ' h i / % +  )v2. 

On the Sun in the region of chromospheric flares, ni = 109 

ev which does not contradict observations. 

A s  shown in [186], whole of the wave energy is, in some 
cases, transferred to trapped particles, i. e., sometimes, the 
sources of cosmic rays where t h i s  mechanism functions, may 
not emit electromagnetic radiation responsible for acceleration 
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ver, since acceleration d 
le (and not on energy), 

OCESSES OSP %G 

in two ways: 

+ 

during which an energy of 17, liberated. The reactio 
(21.2) has resonance nature and its extent is  more than that of 
the reaction (21. 2) .  

The yield of DD-reaction was evaluated by A. B. 
and V . P .  Shabanskii [78]: 

t P  = 1.25 x I O 3  particle/cm3. (21,3) 

Here t =S 10 3 sec is the time of reaction and P is the number of 
thermonuclear reactions taking place in 1 crn3 during 1 set. 
The last parameter is determined from the relation 
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where 
t h e  effective size of the reaction averaged for the Maxwell distri-  
bution of velocities and %m is the concentration of deuterium 
nuclei in plasma taken equal to 10'5 31 

tion of hydrogen nuclei). 

is the  product of the relative velocity of nuclei with 

( * is the concentra - 

If the estimate (21. 4) is corr'ect, then during the whole 
the process, DD-reaction in  f lare region can, i n  the case of a 
strong flare, give r i se  to 1 0 ~ ~ - 1 ~ ~ ~  particles. 

. B.M. Vladimirskii and A. Be Severnyi [I 18) confirm that 
practically all neutrons, formed due to DD-reaction following 
the first  channel of (12. l ) ,  a re  captured by H (n, y)D-hydrogen 
and therefore, they get time to retard to an energy of the order 
of a few Mev before leaving the flare region. 
of this region is assumed to be equal to - l o7  cm. 

Here, the size 

In this case, deuterium burns up only along the  second 
channel of reaction (21.1) in which deuterium does not get 
reduced by t h e  protons accelerated in the reaction since all  the 
protons lose their energy before receiving it from neutrons 
participathg in the  (p, n) reaction. 

The two processes - -  capture of protons by hydrogen and 
formation of deuterons as a result of nuclear fission of nuclei 
of the oxygen group by protons with 
main processes leading to formation of deuterium nuclei in the 
solar atmosphere. 
processes is not sufficiently high a s  compared to the rate of 
burning u p  of deuterium in thermonuclear reactions. 

& k N  lo8  e v  - -  are  the 

It has been shown that effectiveness of these 

Other possible reactions, taking place in light nuclei a t  
a temperzture of about 3x107"K (Table 21. i ) ,  were studied -in 
[118] on the basis of t h e  following relation for a number of 
nonresonance thermonuclear reactions in a unit volume per sec: 

where $ - density of the medium taken approximately 
equal to 1 0 1 4  cm -3; 
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X - weight concentration of bombarding nuclei; 

- reduced mass in atomic units; 

- constant expressed in ev, barn; 

- temperature in the,units 106"K; 

A = A 1 A 2  
A1 + A2 

S, 

T 

2 1  and z2 - charges of the nticlei. 

The possible time of burning-up of Li in this type of 
reactiops was found to be - 1 O 1 O  years. 
earlier by 1.G. Shklovskii [119], L i  nuclei are  s imu~taneous~y 
formed furing nuclear fission and this process is more effective. 

However, a s  assumed 

It was concluded in [118] that the above -mentioned 
es  must lead to burning-up of B and accuumulation of L i ,  
B in the solar atmosphere as a result of flare activity. 
the existing data on the abundance of light nuclei in solar cosmic 
rays do not confirm this conclusion. 

However, 

Let us now consider recent experimental data on-the 
abundance of hydrogen and helium isotopes in solar cosmic rays 
which can take part in thermonuclear reactions taking place in 
chromo spheric flares e 

Tilles e t  al. [III. 311 mentioned the detection of a significant 
amount of T in the casing of wDis~overer  -1 7@ satellite after the 
November 12, 1960 flare. It was  established that the observed 
T/p ratio for energies more than 30 Mev/nucleon is of the order 
of (1 4 ) ~ 1 O - ~ ,  
could be caused by local nuclear interactions. 
that 80% of the tritons observed in 'ilhicoverer- 
secondary and therefore, the actual value of the 
be 6 I O W 3 ,  
that T/p $ 

This value of T is undoubtedly more than that which 
It was later shown 

ratio must 
It corresponds to BiswasDs results [I. 571 who found 

in the range of 20-45 

A s  a result of balloon measurements on the value of T by 
nuclear emulsion method during the July 18, 1961 flare, Wadding- 
ton and Freier  [I. 281 evaluated the upper limit of the T/p ratio 
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as 0, 6x10-3 for e P 50 
between t h i s  result  and t h e  data of 
of the change in the composition of solar particles for  diiferent 
flares. 
%ratio in many experiments, must also exist for ~ / p  ratio (since, 
from the point of view of rigidities, deuterons do not differ from 
a-particles) and for T/p ratio (since magnetic field h a s  a weaker 
effect on T than on a-particles), 

ev/nucleon and explained t h e  difference 
Discoverer -1 T W  by the effect  

They suggested t h a t  such an effect, observed for  a./p 

he relative abundance of D ,  found in [Io 28 was D/p 
at a constant rigidity and U/p 1, 4r:0-3.for e 

v/nucleon, The expression for the change in f - ~  
above a particular energy per nucleon is given in [I* 281 in the 
form 

e 

where 
1.6 

It is obvious from (21. 6) that Lp ( 5 ) in 
time by more than 1 0  times in t h e  range 0-100 
it is difficult to compare the value s obtained in 
rnents, 

uch less is  known about t h e  abundance of helium isotopes 
in cosmic rays. During the  udy of the material 
of t h e  casing of “Discoverer 
ger [I, 561 found relatively large a m o d t  of helium nuclei: He3/ 
He 
due to t h e  necessity of introducing corrections for the eastern 
effects. 
obtained by them corresponds to the actual ratio with an accuracy 
up to the multiplication factor 3. 

haelffer and Zzhrin- 

4 ( Y E  ) - 0,2. These observations a r e  difficult to interpret 

The authors [I. 561 however confirm tha t  the ratio 

Recently Biswas and Fichtel [III. 371 showed t h a t  the 
amount of He3 in the experiment [I. 561 corresponds to flux 
which is 10 times the total flux of all helium nficlei Le., 4x107 
cm-2. sec-19 in energy range 40-105 Mev/nucleon. Authors 
[IH. 371 cite convincing arguments in favor of the fact that the 
actual value of the He3/He4 ratio is 4 

464 



egardless of the above differences in t h e  abundance of 
e isotopes in solar C O S  

e ~ u i l i b r i u ~  abundance o 
that of helium is0 
o ~ t a ~ ~ e d  in above -described experiments, 

c raysjo it can be confirmed tha 

be much less than the value 
itium in solar atmosphe 

It can be assumed that these elements a r e  the  products 

ractions at  the time of their propagation through 
phere, 

of fragmentation of a-particles and heavy nuclei appearing during 

If the hypothesis of preferred acceleration 

ratio (-2%) c<srnpels us to disregard the products of Srag- 
of heavy nuclei i s  not taken into consideration, the  low value of 

mentation of heavy nuclei. The amount of ~ a t ~ e r  rti - 
to get the ratio ~ / p (  > 
23 atom/cmi?) accordi 
tel [Uf, 371 and about 10 g/crn2 according 
[120], T h e e  values a re  not in agreemen 

) 
to the estimates of 

4x1 0-3 is equal to 

those required for explaining the actual absence of light nuclei 
in sol'ar Cosmk rays {- 0, l -0 .  2 g/cm2). 
case of s u c h  an approach, the theory of f r a g m e ~ ~ a t i ~ ~  cannot 
explain the observed amounts of tritium and helium isotopes, 

It is clear tha t  in the 

ireman [120] suggested that the observed D, T and 
r e  the products of quasithermonuclear reactions, t 

place in the solar atmosphere near the flare zone. 
HI (a, D) He3 injecting deuterium and reaction H1 (a, T) H1 giving 
r ise  to  tritium a r e  mentioned as an example. C a ~ c ~ l a t i ~ ~ ~  
given in [l.ZOJ show that in the case of these reactions, it can be 
expected that D/p (>30 Mev/nucleon) e l  0-2 and T/p 4 
nucleon) = From this, we get the ratio D/p ( 
nucleon) -5x1 Oq3 which slightly differs from the COX 
experirnenhl value of 1 . 4 ~ 1 0 - 3  [I. 281, 
however be explained by taking into account the difference 
between f lares .  
place in the region of f la res  where the initial density i s  sufficient 
to stop the acceleration of a-particles and heavy nuclei but where 
protons can get accelerated so as  to participate in nuclear inter - 
actions, 
a s  a result of which additional acceleration of the products of 
the  se reaction 6 becomes po s si ble 
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Thus, in spite of certain complications, the study of thermo- 
nuclear reactions in the regions of chromospheric flares can be 
very useful for explaining the clomposition of solar cosmic rays 
and for formulating a theory of acceleration of particles on the 
Sun. 

22. ELECTRON COMPONENT O F  SOLAR COSMIC RAYS 

22.1 Experimental data on solar electrons. The discovery 
of primary electrons in cosmic rays by Meyer and Vogt [121] and 
by Earl  11221 has given r i se  to the question of their origin: a s  to  
whether they a re  solar or galactia. The study of variations in 
the intensity of electrons can play an important role in solving 
this problem. 

Fig. 22.1 shows the results of balloon measurements 
obtained by Meyer and Vogt E1211 OZI August 22 and September 8 
and 15, 1960 for proton beams with R = 370-890 Mv and for 
primary electron beams with R = 100-1000 Mev. Data of conti- 
nuous recording of the intensity of neutron component a t  Deep 
River (at the sea level) have also been given in the same Fig. 

Fig. 22.1, Cosmic-ray variations in August-September, 1960: 
1 - counting rate of neutron monitor at Deep River (left scale); 
2 - intensity of primary electrons with R = 100-1000 Mv over 
Churchill; 3 - intensity of protons with R = 370-890 Mv over 
Churchil I .  
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ements of September 8, 1960 were conducted 

may be seen from Fig. 22.1 that while the 

the flux of electrons 
ans that &he primary electrons have t h e  
otons and t h e  modulation mechanism, 
on, has t t r G  same effect on them. 

orbush effect 5 days after the powerful September 3 ,  

tons on 8 September increas ignificantly (due to 
rticlss from the solar fha 

~ ~ s ~ r v a ~ i o n s  on ions in electron flux during solar 
an unambiguous an 
onso From t h i s  po iew, results 
r e  of great significance. 

o the question 

They showed that a 
f electrons was observed on July 22, 1961 in the 

r the quiet day of August 2, 1961 are  also given 
e ,  according to  the data of neutron monitors, 
somospheric flares and outbursts were not 
nversion Prom absorption curve (on the basis of 
in July 22 and August 2, 1961 curves) to the energy 
s t h e  dependence dN/d t: 2 ~ 0 4  Ek-2m-&ec - f  
1 (Fig. 22 ,2)  for the flux of solar electrons, 

se is most probably related to chromospheric 
which were observed on July 18 and 20, 1961 

ccompanied by an increase in the intensity of neutron 
on the Earth@s surface. It should be mentioned that 

he class 3 flare observed an July 21, 1961 did not lead to any 
outburst in the stratosphere or  on the Earth's surface and 
therefore, this increaee in the  flux of electrons is  apparently 
not associated with t h i s  flare, 

Let us study the results of other measurements taken 
after 1961. 

During the balloon measurements on July 28, 1963 over 
Churchill, Freier and Waddington {126] also detected some 
amount of electrons but their intensity is in agreement with the 

protons during this period decreases by 9%. 
Accorditg to [121], if the effect of flare is eliminated, the flux of galactic 
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&k. Mev 

Fig.22.2. Differential energy spectrum of electrons from a solar flare 
accbrding to July 22, 1961 observations. Dotted lines are obtain- 
ed after introducing corrections for the possible role of protons 
interacting in lead and Over it. 

results obtained earlier by other authors. 
considering secondary electrons in atmosphere was apparently 
not solved. 
of secondary electrons, the total intensity of electrons in the 
energy range 0.13 d € C 5 Ge v a t  a depth of 2 g, cm2 in the 
atmosphere was found to be equal to 63426 - m-2. set-1. sterad'l. 

The problem of 

Without introducing the corrections for formation 

During 1964-1966, Anderson and Lin [127], with the help 
of aIMP-l" and "IMP-3O satellites, recorded 10 events of the 
appearance of electron beams with E&740 kev in the interplanetary 
space (Table 22.1). 
rapid increase in the flux during 15 to 30 mintues and by sub- 
sequent slow decrease during several hours. 
intensity of electrons in some cases varied between 1-1000 ern-?. 
sec-l. sterad-l .  

Seven of these  events are characterized by 

The maximum 

Out of the ten events recorded, six were associated with 
small chromospheric flares of class I - ,  1 and l+. One of these 
events was accompanW by intense absorption of radio noises 
while the corresponding solar flare was situated near the  central 
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Table 22.1 also shows 
which were obse 

the tail of magnet 
e time of propagation of electrons in these leases also was 

The observed anisotropy of these beams i s  in 
agreement with the motion of electrons from the tail inside the 
magnetosphere to the Earth, i. e., linea of force of the geomag- 
netic tail a r e  apparentely associated with the lines of force of 
the interplanetary field. A t  the maximum energy of electrons 
equal to 150 kev, the maximum,length of the tail of magneto- 
sphere will be equal to 0.25 a. u. 

40 minutes. 

On the basis of these observations, Anderson and Lin 
arrive at  the following conclusions: 

1. Many small f lares emit a large amount of electrons 
in t h e  interplanetary space. 
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egion of propagation of electrons in the inter- 
planetary space i s  limited by a curved conical surface of half 
aperature angle from 15 to 20" and theaxis of thirs cone is curved 
in the same way as the lines of force of the interplanetary field. 

3. The beasn within th i s  Cone is anisotropic from where 
it follows that t h e  simple isotropic model of diffusion cannot be 
used for explaining migration of electrons in t h e  interpknetary 
space. 

4, In order to explain the presence of electrons, caused 
by flares near the central meridian, on the Earth, it is necessary 
to assume that the electrons migrate in the solar atmosphere. 

Three e vents of impulse emission of solar electrons with 
~ b r  40 kev which were recorded with certainty are analyzed in 

d e k i l  in the work of Van Allen and Krimlgis 11281. The o 
tions were taken with the help of t h e  equipment installed o 
spageship a&riner-4"g which moved towards the Mars. 
energy threshold of the equipment was about 40 kev for electrons. 
A t  the time of measurements, "Mariner -4 was situated in the  
interplanetary space at a large distance from every pla&t-o€ 
the solar system. 

The 

Increasea in the flux of electrons were observed on May 
25-28, June 5-7 and June 13-14, 1965. 
time variation of the counting rate of electrons on June 13 -14, 
1965 for detectors of energy thresholds 
3 40 kev  (2) a s  compared& readings of detector 3 which 
practically did not record electrons and was sensitive only to 
protons with V. These results were obtained 
without considering the backgrow& The intensity of electrons 
before the commencement of outburst is shown by dotted lines. 

Fig. 22.3 shows t h e  

45 kev (1) and 

It may be seen from Fig. 22.3 that t h e  recorded outbursts 
were caused by electrons having €k>,40 kev and a sharply 
falling spectrum. 
electrons on May 25,28, June 5-7 and June 13 -14, 1965 were 
equal to 80, 58 and 5 cm-4 sec-! sterad-I respectively while the 
angular distribution was more o r  legs isotropic. 

The maximum values of the intensi-ty of 
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June I965 

Based 0x1 the analysis of data on sola 
hysica2 effects during measuremen 
at the conclusion that the increases ia 
were apparently caused by their impulse emissio 
Sfan% atmosphere almost at the same time 

io emission and X-rays were Qbserved. 

On the basis of diffusion model of prop 
h Ek340 kev, it is possible to e s t  

at the time of emission. These es 
and June 5 events and 
he problem of propaga 

is considered in detail in Section 22.2.  

Thus, measurements of Van Allen and ~ r ~ i ~ i s  [I281 
confirmed the earlier assumption a b u t  the emission of electrons 
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magnetis: field and p$ysics of solar flares. 

Simultaneously wi 
tons, small increases in the 
order of tens of kev a t  

ecorded by Arnoldy et al. [IV* 91 on @Pioaeer-5 
during the end of arch and the beginning of April 1960, 

he work of Arnoldy et al. [a2 8% is  reported in 
aneously with &he increase in radio noises on 

I t  recorded an outburst of X-ray 
our after the blare, counting rate of 

At this time, the s eased by 13%. 
magnetosphere a t  a distance of 140,000 
omparison with the results of observa- 

showed that the increase in counting rate is appa- 
rently caused by electrons having "p 600 kev. The maximum 
flux of these electrons recorded o the order of 
1.3 ern-' sec- l -  The flux of electr 600 kev a t  a 
distance of 1. 5 a. u. from the Sun w to Q,-42 cm-2 
sec - lD  

for electrons with 
[120] obtained the extrapolated spe 
tance of 1.5 a, U. in the form I (. > 

trons from the same flare by Geiger counters on 

On comparing these data with the observation sssults 
3 40 kev, the aaathor 

um of electrons a t  a as- 

Other measurementspon electrons, not related solar 
wind, were made in the 
(for example, in the above-mentioned wo eyer and Vogt 
[124], solar electrons were measured w i  elp of balloons 
in the mnge k Z2 100-~000 ev during July 22 and August 1, 
1 961 flares 1.. 

ange of energies more than a few 

Inter planetary e le c tr on s with = 3 -1 2 Mev were 
studied in detail by Cline e t  al. 
('Explorer -1 tlPD) satellite during the period December 1963 - 
May 1964. 
side of the Earth in the apogee was equal to 193,000 km and 
therefore, the geomagnetbsphere had no effect at all. 
shows the energy spectrum of electrons, obtained a t  a distance 
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[13O] with the help of 

The distance of the satellite from the illuminated 
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km from the Earth for the period November 27 -30, 
their flux was minimum a va 

e The flux spectrum ofel  8 ,  

g measurement data of January 942# 1964 
ding data for January 13 -1 6, ]I 964 is shown h 
rison. The January 

way, was not accompanie an increase in t 

observed outburs? have the same origin. The integral 
f electrons with E = 2,7-7.5 Mev was found equal 
electron. m-2 s e c - t  while the intensity of 

10 elec- a1 beam a t  &k = 3-12 Mev was equal to 100 
2. sec-l. sterad-l ,  i. e. , the relative increase was about 

Although the observed Cases of outbursts were mainly 

ssibility of their solar carigin. 
by cosmic electrons, Cline et ale [I301 do not eliminate 

]In this connectim the 
wing observations must be kept in view. 
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F i r s t l y ~  rekitivigtic electrons must be 
of the part of the surfaacie of solar atmospher In this cases 
more powerful beams of solar plasma (containing recurrent 
beams of sola 1 hold lesser  number of electrons 

reover, retardation of electrons 
can be more effective in theipowerful plasma beam than in the 
weak beam. On the other hand, electrons may be associafjed 
with the development of new re%ions s f  Sunspots. 
C lirie e t  al. [130] could not correlate the observed increases in 
the flux of electrons with solar activily. 

Howevm , 

Increases in the flux of solar electrons with &k > 30 kev 
ke v were recorded by N. L. Grikorov et al. [I 851 

satellite on September 1 and 8, 1966. Basic data 
ts are  given in Table 22.2. 

ev and intensity of 10 cm-2 sterad-l were observed on 
During measurements, 

Protons with - & k ~  1.0 
2 

8 t h  September along with the electrons. 
the satellite 5tayed inkhe shadow of the Moon and the effect of 
solar X-ray radiation was thus eliminated. 

According to Vampola [187], electrons of extremely high 

tellite launched into t h e  polar orbit, 
um and total flux of e1ectroB-s were 

energies were recorded on September 2, 1966 by electron spectm- 
meter of the 
Sharp changes 
observed in the northern a s  well as in the southern polar reg 
The ~ ~ f e ~ ~ n t i a l  spectrum in the energy range of 0.225-1.37 

40 77 on the anti- was  - €<'-02 on the subsolar side and 
solar side. The ratio of 
range on the antisolar and subsolar sides of the transition 7mne 
was equal to 3.5 about 19 hours after the fibres, 

& 
8 1  fluxes of electrons in this ener 

22,2 e Propagation of solar eleCtrOrms. 
earlier,  in 1965 Van Allen and Krimigis [128] 
increases in the flux of sola electrons with E 
time profile of the in nsity of electrons durin 
.Tune 5-7, 1965 was i general the same as t 
with E ,  - 20 
few hours) increases to  the maximum value and gradually dec- 
reases  (within 1-2 days). 

- -- 

v and precisely t h e  in nsi@y abzuptly ( 

The authors [128) were convinced to use the diffusion model 
of propagation of particles, suggested by Parker 11,. 63 and 
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25-28, 1965 events, tmx- tg0 r 1 3 0  min and - to can go up to 168 min while (to - to8) is  less by 3 8  m h  trnax 
only if the equation (14.45) correctly describes the diffusion 
proc e s 8. 
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In general, diffusion coefficient and parameter p can 
depend on the  energy of particles. 
narrow energy range of width 15 kev is actuaXly recorded due 
to large steepness of the energy spectrum of electrons and 
therefore, the &am can be considered to be monoenergetic. 

Howeverr in this case, a 

Using the solution of equation (14.30), ~t is possible to 
estimate the number of emitted electrons N and the values of 
diffusion coefficient 

Experimental data reveal a multipeak structure in about 
6 hours after the commencement of the outburst for  the May 
25- 28, 1965 event and in about 10 hours fo r  June 5 -7  event, 
Gimiting the analysis to the period before the beginning of the 
multipeak struclure, Van Allen and Krimigis [128] got the . 
following values: 

ay 25 -28, 1965. f3 OtO. - 2 for 
& k b  45 kev w d  kz 40 kev; to 22. 85 

for the same energies; N(3 45)- 0 . 7 ~ 1 0 ~ ~  
N(3, 4Oj-Y 1.1~1033 electron,sterad-l; 
8x1 021 cm2/sec. 

2. June 5-7, 1965. $= 2 for electrons of bdh the 
threshold e UT for the sa& energies; 

ad-1; N ( S 4 0 )  - 8 ~ 1 0 ~ ~  electron. 
) N 1 ,, 3x1 022 cm2/sec. 

The value @ 0 corresponds Do the case when the effective 
diffusion coefficient does not depend on r. 
electrons sharply differs from the results menthned in Section 
14.6 for protons during the period 1961 -1963. It is interesa-ng 
to mention that the application of diffusion model with %?-r$ to 
the data [129] gave the value $ = 1.2. 

This result  for 

The significant physical difference between electrons and 

As can be seen from Table 2.2.3, 
protons lies in  the difference of their Larmorov radius i n  the 
interplanetary magnetic field. 

lesser than that for proton in  the region of energies studied 
usually and is approximately equal to  1 QW6 a. u. in the inter - 
planetary medium. 

Larmorov radius of electron with dk- 40 kev is about 10 3 t imes 
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TABLE 22.3 

Larmorov radii of electrons and protons in the interplanetary f ield 

1 Y. 1 a. u. radius in the 
field 5 y, a.a. 

0. 04 4.60-8 1 V 6  0 . 9  x lom6 

10 3.05 x 10-3 0.6 x 10-3 
1 0,97-5 0.2 x 10-3 

Frsm this, It can be concluded that electrons apparently 
r e p r ~ ~ e n ~  a valuable new medium for studying the structure of 

i n t ~ r p l a n ~ t a r y  magnetic fie Id. For example, scattering at 
gnetic ~ ~ r ~ g u l a r ~ t i e s  of approximate size 1 

an a b s o l ~ t e ~ y  different nature for eleCtrQnS Of  

protons having 

a. u. must have , 

kf i  40 kev than for 

LLITY OF GENERATION 0 
SUS 

of generation of fast solar neutrons was 
works (Haymes [I  
Unge nfe lte r and 

parao et al. [a37 
tarnes [140], Roe 

1. G e n ~ r a t ~ o n  under the action of cos 
source is negligibly small because the sun consists of the 
lightest elements which do not have surplus neutrons. 

the threshold for which is of the order of 300 MeV, 
extent of this reaction is very small. 

principle, ne rons can be formed in the process p t p  n+ p9 
However, the 
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On November 15, 1960 during the flight of the American 
rocket "Atlas" at an altitude of 500 k m  over a station of latitude 

S, Chuppet al. [139], with 
orded a three-time increase in neutron s cormparedto 

rlier .measurements of Hess 
menon can be explained by t 

_ $ $ m e  a significant incretrse in the f l u  of charged particles from 
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d iit f i a t  time. Apparently, had the experi- 
, the observed effect 
Id be mentioned that 
s [138], the f l u x  of 

the poles. This flux is 
arthss atmosphere. 

neutron cm-L sec-1 on the 

n can also be of neutrons. Under the 
ger number of neutrons 

+ &e Moon than that in the Earth's atmosphere 
owing causes (Lingenfelter e t  al. [135]): 1. The 

_. . 

moon has a very weak magnetic Tiefa and-therefore, low-energy 
cosmic particles can reach its surface. 2, Neutr 

3. erials heavier than nitrogen and oxygen. 
ting from high-energy particles, can  play a significant 

ion of neutrons during interaction with the 
~. 

opwhile almost all n--niesons disintegrate in 
here due to low density of air ,  

Owing to these factors, the rate  of formation of neutrons 
in the inaterial of the Moon must be about 10  times that3xLt.k 
Earth*s atmosphere. 
should be expected on the Moon's gurface. A t  a depth.6f about 

nearly of the order of 3000 rieutron.cm"2,aec'11. 

A flux of about 10 neutron.cm"beC-1 

m2 below the lunar surfade, the flux must be much more -- 

The neutron fluxes rrdy significantly increase during solar 
flares. Near the Earth, n h r o n  fluxes of the order of about 
2x10-4 cm'2.sec"1 should be expected from the Moon which i s  
much less than that from the atmosphere. In the case of the 
presence of a significant content of hydrogen, a peak of thermal 
neutrons must be o b s e r k d  in  the spectrum. 

Simpson [133] as well a B  Lingenfelter and Flamm 
[II. 51 assumed that neutrons may be emitted by the Sun even 
under quiet conditions. Solar neutrons can also br!i*nate 
during interactions of energetic protons and #-particles x4th 
thermal  par t ic les  of $he surrounding medium in the solar  
atmospbre.  As is well known, neutrons a re  unstable particles 
and their half-life period is approximately equal to 17 minutes. 
Therefore neutrons, existing at the boundary of the Earth's 
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gtmospnere, can only be of solar OP lu 

rays with nuclei of the interp 
small. 

probability of formstion of neatrons d c 

According to  estimates of 
solar neutrons with Ek>107 e 
2-3 times the average total flux of albedo neutrons. 
the absence of electric charge, neutrons a r e  no 
to the action of magnetic fields; and therefo're, they move f ro  
the Sun in straight lines. It is clear from this that flux of sol 
neutrons near the Earth will be maximum at the subsolar 
and.' must increase on increasing the 
while f l u x  of albedo'neutrons will incr 
the geomagnetic latitude owing to latitudinal effect of galactic 
cosmic rays.  

It is difficult to detect solar neutrons because the 
e xis t ing mea s UT i fig e qu i pme nt 

e-energy neutrons ( E k  
I O 5  ev but their flux 

mainly sensitive 8; 

105 ev) while sola 
the regfan of the 

average energies is apparently-srnall as compare 
of albedo neutr9na of same energies. 

A method of measuring solar and atmospheric n ~ ~ t ~ ~ ~ ~  
was studied by  Pinkau [143]. 
capable of reaching the Earth, orginate on the Sun in  the process 
of interaction of solar protons with the matter 0 6  the 
sphere. At present, we do not have such measuring apparatus 
which wauld have sufficient resolving power with respect to 
directions and energy. Therefore, it is not possible to differ- 
entiate jolar neutrons from qlbedo neutrons and t o  get energy 
spectrum, The author (1431 suggests to utilize the principle of 
double scattering of neutrons on protons in the measuring 
apparatus. For this purpose, a substance with a high hydrogen 
content must be used in  the recording system. 

Neutrons with 

photo- 

Inspite of the above 
E1311 could record specific 
of neutrons immediately before setting of the 
ments were taken with the help of thermal-neutron detectors 
riaring three balloon flights. Two flights were conducted in 

ntioned di ffic ulti e s 
na1 effect - -  increa 

48 2 



SOLAR FLARES AND GENERATION OF' GOSMIC RAYS 

1958, i. e, e at the time of maximum of the last solar cycle, and 
the third, near the maximum of the previous cycle. 
recorded outbursts were possibly caused by low-energy second- 
a ry  neutrons formed in the terrestr ia l  atmosphere a. a result 
of a nuclear chain-reaction which w a s  caused by fast solar 
neutrons passing through the rapidly -increasing layer of the 
atmosphere between the detector and the Sun j u s t  before its 
setting. 

The 

The results of some other measurements can also be 
interpretted within the f r a m e w r k  of Simpson's hypothesis 
11331. Since there must be a surplus of solar neutrons as 
compared to albedo neutrons, this hypdthesis can, in particular, 
explain the second maximum in the spectrum of protons of 
the internal radiation belt. This.maximum was detected in the 
measurements of Freden and White 11441 and was apparently 
caused by the effect of superposition of protons from fission of 
albedo and solar neutrons since the spectrum of only albedo 
neutrons must monotonously fall with an increase in energy. 

Pecently, Haymes 11321 made an  attempt to record 
continuous emission of solar neutrons with Eks20 Mev. 
measurements were taken in the stratosphere with the help of 
balloons. ,The comparison of the csunting rates of the detector, 
made on the basis of diurnal and nocturnal changes, helped in 
getting the upper limit of neutron flux 200 em-2.sec-1 
for8k = 1-14 MeV. It should be mentioned that, if neutrons a r e  
generated on the Sun with energies right up to  hundreds of MeV, 
high-energy neutrons have a higher probability of reaching the 
Earth 's  surroundings without disintegrating than the low-energy 
neutrons . 

The 

Changes of neutrons on March 23, 1962 in the strato- 
sphere over Hyderabad, India (geographical latitude 17,3ON, 
longitude 78.5OE, vertical geomagnetic cut-off rigidity 16.9 Gv) 
a re  described in the work of Apparao et al. (137, 1451. The 
neutron flux in the range &, = 4-160 Mev was determined on the 
basis of measurements of tracks of recoil protons in the process 
of elastic collisiqns of neutrons with hydrogen nuclei in photo- 
emulsion. 
by high cut-off rigidity in the Hyderabad region, Led to  a low 

The low intensity of galactic cosmic rays, caused 
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flux of secondary par t icbs  at the altitudes of ba 
which facilitated recording the changes in flux o 
Basic results of the e x p e ~ i ~ ~  are described ii 

Neutrons have 

mate ly corres ponds to evapor 
cascade neutrons. Digits in bracket 
~f observed events o f  a given ,t 
the cases when the tracks had 
neglected at the time of analysis I 

& = 4-20 Mev and 

It is seen from Table 
MeV, practically alb the neutrons# CQ 

atmospheric origin while in the range 
the number of atmospheric neutrons is 
number of neutrons moving do 
neutrons.is equal to 148 t 60 cm- 
most probable source. This colzc 

ne u t  rons with 
k = 20- loo  Me 

probability of existence of high-e 
of about 1 a, u. from the Sun as c 
heutrons. 
ob served near the Earth only in 

A significant f l u  of 1 

ctrumof neutrons is very s leep ,  

lit is appropriate to mention that., accor 
calculatien; o Lingenfelter et SLL [l 
ne ut I on s with 7 1 0  Mev, expected 
to 30 cm-2,se e But these calcul 
particular model with wide range of changes in the intensity 
of the emitted particles, Therefore, a direct co 
of the calculations [136] with the observation re 
does not have any special signihcance. 

Observations (1371 were maae at a ti 
of sunspots was maximum for the corres  
rotation of the Sun. Moreover, at 3 hours 
23., 1962, a flare of c lass  3 was observed which &d not Lead to 
any effect in cosmic r a y s  and to  geophysical disturbances. The 
detector was at the limiting altitude of 10 g/cm 2 between 9-15 

- 
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hours 1ocal.time and therefore, the observed beamof neGt5ons 
was apparently related to active region of the Sun, responsible 
for the flare. 

By analyzing the available experimental data and 
theoretical estimates of the flux of cosmic neutrons in various 
energy ranges, Biswas and Fichte_l_LIII, 371 -arr&ve at>he 
conclusionthat there is no sufficient-add _convincing proof of the 
existence of fast  neutrons of solar orTgin. 

. 

- 

In order to verify the assumption of coatinuous emission 
of neutrons by the Sun, in October 1963, Bame and Asbridge 
[142], with the help of “ V e l a ”  satellite, measured the intensity 
of solar neutrons at distances of 16-20 rE. Data on counting 

’ ratB. of neutron detector during the eclipse of satellite by the 
Moon or  the Earth were investiga,ted. It was found that the flux 
of solar neutrons is very low and it lies beyond the.threshold 
sensitivity of the equipment. If it is assumed that the spectrum 
of solar protons is similar to  the spectrum of the Earth’s albedo 
neutrons, the upper limit of the flux of solar neutrons will be 
equal to 0. 01 cm-2, sec’l. 
outbursts of solar neutrons after chromospheric flares -6 also 
studied; two of these flares were o€c lass  3 while many ’others 
were accompanied by radio outbur’sts of type IV. Increase in 
neutron flux was not observed in any of these events+. 

The possibility of appeaeancg-df 

One of the recent works on detection of solar neutrons 
was conducted by Daniel et al. E1461 onApril  15, 1966 with the 
hel! p of a detector, which consisted of a scintillator and an  a r c  
chamber and was raised on balloons over Hyderabad (geomag- 
netic latitude 17.6Oi.J). Neutron measurements at equator have 
a number of advantages (low background of neutrons from 

”- - - 

As pointed out by Bame et al. [188],’neutrolz detectors on ‘Vela”satel1 
were capable of recording the increase in neutron intensity due to a solar 

j%re which was 35% of the theoretical value fW the large flare of November 
12, 6960. Althoygh the integral flux of charged particles from Wtembey  
2, 1966fhke was about 10% of the flux for Nmember 12, 196Oflare, k- 
crease in neutrm intensity was ?zot observed. It follows from this that 
either the fraction of charged particles, returning to‘the &nts surface aj3e.r 
their acceleration, is much less than 50% or they fall into the dense layers 
of the solar atmosphere grQdually as a resuM of which increase in the in- 
tensity of neutrons lasts for a much longer period. 

* 
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int i f  the neutrons 

- 
I 

El of measure 

et ale [l4’7], with an 

111 be about 97% while i t  

to typical effects, 
__ 



robkm of time vari 
sphe;ric fldres on t 

generated in the interpla 
of solar neutrons, was s 
of diffusion equation for neutron 
found to be 

( V ) i s  the generation spectrum of R e ~ t ~ o ~ ~  of ve 
e half -life period of 
is the mean fre 

eutrcrna, r i s  $he distmce 

Interphietary space (it 
nor bn u) .  
evaluate the up r limit of flux of ne 
as.sumed that the flux of protons, ob 
during December 1963-May 1964, is cau'sed only by disint 

= O,05 a, u, in th 
varies from 8x10 
o 22 ne ut r ono s ec - 1 

oelof [I413 s h o w s  that the existing obs 

On the basis of equatidn ( 

protons at distances of 0.5 -1 5 a. u, 
e fact that about 10% of the recorded protons 

= 1-100 Mev originated as a result of disinte 
rons in the inter planetary space e 

t us mention some works  related to the study of solan 
neutrons and 
photosphere of the Sun. 

-rays originating during nuclear 

On the bas i s  of barioon rneasure~nents with the help of 
Cerenkov scintillation counters i n  august 
( 2 6 O S ,  65OW, cut-off rigidity 12.1 G v )  Web 
[148] found that the flux of solar neutrons w 
during quiet days, is not more than 2 4  neutron 
assuming that differential spectrum of ne 
of estimates, made on the b a s i s  of data of various authors, of 
the upper limit of the spectrum of solar neutrons have been 
summarized in [148], 

954 at Jrgentina 
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SOLAR FLARES - .  AND G E ~ R A T ~ O N  OF COSMIC RAYS - 

Chupp [149] estimated the yield of neutrons and V-rays 
For Whrmry 23, 

( E k  of the order of a few 
s a result of nuclear reactions on the Sun. 

1956 flare, the flux of fast neutrons 
Mev), expected near the Earth's orbit, is of the order of 
1.8~10'~ T nee ron  cm-z,sec-1 where T is the duration of 
bombardment of solar atmosphere by cosmic rays. A t  T -103 

with the equatorial fllix of albedo ne 
For a similar flare, the flux of Y - r  

ec, -the flux of solar neutrons near the Earth will be comparable 
(0.1 cm-2. see-1 )a 

ar the Earth's orbit  
ill be of the order of 5 quaatum,cm--Z;sec~1 at &$SO. 51 Mev. 
he experimental requirements on measurement of such low 

fluxes of this radiation a re  discussed briefly. Bland [150] studied 
the means of verification of the hypothesis about the nuclear 
origin of rigid -rays from solar flares (ey-50 Mev). According 
to this hypothe 
accelerated during the flare, as a r e su l t  of nuclear reactions. 
These meso e r  on disintegrate into 1 -quanta ( p t p-p t 
P +%Os p * 
is discussed in brief. The existence of maxima whose position 
is mainly defined by the direction of motion of accelerated protons 
with respect to the line of sight is a characteristic feature of this 
spectrum. Three simple cases  are stydied: motion o f - seh r  
protons along the line of sight towards the observer aq&;m the 
opposite direction as well as i so tpp ic  distribution. ,Here, the" 
maximum in the spectrumof X-rays due to disintegration lies in 
the region of 115, 40 and 37 h v  respectively while its position 
weakly depends on the nature of energy spectrum of accelerated 
protons. 
power spectrum D( E 
Thus, by determining the position of marrikum in the spectrum 
of %-rays for flares near the central meridian and near the limb, 
it is possible to get information on the nature of motion of 
accelerated protons. 
the hypothesis with the help of satellites is discussed. 
opinion of the author, the maih difficuity will lie in eliminating 
X-rays of atmospheric origin. 

s, $-mesons are formed in cosmic rays,  

+N+T,). The expected energy spectrum of X-rays 

This conclusion is illustrated on the example of 
= D, E -Y at Gfferent values of x . 

The possible experimental verification of 
In the 

It is mentioned in the work of IFaeio [151] that the experi- 
ment on detection of II- quanta with Ey71O0 M e v  from the Sun (the 
equipment was mounted on ffOSO-ll' and "1962-3-1" satellites) 
gave negative results. The upper limit of the f l u x  for quiet 

.- . 



Sun was 2x10’3 cm-2.sec-1 while it was of the order  of 10-2 c 
sec-1 during a flare of.class 3 (March 22, 1962). Attention is 
drawn to the importance of the study of radietion in the range 
€3 = 1-10 Mev during flares. The emission in this range is 
associated with scintillation of C, l\i and 0 nucbi  excited by 
nonelastic collisions with accelerated protons of solar cosmic 
rays. 

Lavakare [l52] briefly describes the results of theoretical 
and experimental investigations on solar neutrons conducted by 
various authors.- Korff [153] reviewed in detail the modern state 
of the problem of neutrons in cosmic rays. Scanton and Spergel 
E1541 estimated the intensity of neutrons originating in the Martian 
surroundings during bombardment of Mars surface and at 
by cosmic rays. 

24. GEiqERATION O F  COSMIC RAYS QW THE SUN AND 
PROBLEM OF LOCAL ORIGIN OF LOW-ENERGY 
COMPOLVE*\JT 0 F COSMIC RAYS 

Since earlier estimates gave a value 1024 - 1025 particles/ 
sec (see I. 131, Section 43.4) a s  the rate of generation 0% cosmic 
r a y s  (8k a 109 ev) by the Sun, the role of abuut 
which could give in a l l  1035 -1036 particles/sec, was found 
insignificant as compared to generation of a 1041 
sec necessary for keeping the normal level of the intensity of 
cosmic rays in the Galaxy. iUOW, with the availability of new 
data, we feel that negligence of the role of ordinary s t a r s  can 
hardly be so categorical and that additional analysis is necessary, 
ActuaLly, it follows from the data, given in Chapter 111, that many 
solar flares ge,nerate a large number of particles ( a 1032-l033) 
with sharply decreasing spectrum apparently extending to energies 
of a few MeV- 
the 6un ( >, l o 6  ev) must be increased by a few orders  a s  
compared to the above -mentioned estimate of the f l u  of 
particles with t ? k a  109 ev. 

usual s ta rsB 

particles/ 

The rate oE generation of low-energy particles by 

f l  

If the galactic fie Id be more or less regular near the 
solar system, low-energy cosmic rays ,  observed in the solar  
system, should apparently come from comparatively close 
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regions in a direction transverse to the field. 
there is  a more o r  less regular magnetic field H - 7 ~ 1 0 ' ~  gauss 
i n  the disk of the Galaxy, Larmorov radins of particles with €&s- 
l o l o  ev will be 9 & 5x101 cm. The particles in such a field can 
propagate either along the lines of force o r  transverse to them as 
a result of drift due to irregularities of the field. 

Actually, if 

The rate of 
is the size of irregularities and-wJ is the 

~f e -1u nc -3xl-0ycm and ~ ~ - 1 0 1 0  cm/sec, ea. 
ec  and at a concentration of about 10-3- cm-3 

Such of the gas in the disk, the life of protons Tp-1017 sec. 
protons can reach the Earth only from a distance L rv 1020 ern- 
30 nc. 

In the case of propagation along the lines of force of the 
field, particles during -1017 sec can reach almost from every 
part of the Galaxy, i. e. ,  practically, there will be one- 

origin of even low-energy components czf cosmic r a y s  appears to  
be less probable (not to mention the high-energy particles). 
In the case of closed configuration of the regular magnetic field 
around the group of nearest s ta rs  (at a distance -30 nc), the 
total number of cosmic particles in the volume (at a concentration 

be of the order of 3x1050 particles. It foltows from this that 
generation of 3 ~ 1 0 3 ~  particles/sec is necessary for keeping 
the stable state (it is  considered that life of particles in this 
volume i s  definitely less than 1017 sec). 
l o 5  s t a r s  in this volhme, it comes to about 3 ~ 1 0 ~ ~  particles/ 
sec for every star.  

propagation of particles. In this case, the local 

of about 101o cm-3 for E210 9 ev around the solar system? will 

Since there a r e  about 

As already mentioned, the flux of particles f r o m  the Sun 
with 6k 71.09 ev is  apparently not more than 
particles/sec. However, it is comparatively easy to provide 
the required flux of about 3x1033 particles/sec i f  it is assumed 
Chat the particles with &,-2l,0O6 evr generated by the Sun, are 
further accelerated in the volume under reference, for example, 
by the energy of magnetized corpuscular beams, emittGd from 
the stellar atmospheres. 

- 10s. 

It i s  possible that in the volume under reference the 
mechanism of acceleration in the arbitrarily-formed traps as 
welt as the statistical mechanism come into play. However, 
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L.1. DORIMAN AND Lf. MIROSHNXCHENKO 

high rates  of motion of field irregularities and small mean free 
paths for scattering &re necessary to make the statistical 
me chani s rn e ffe c tiv e. 

,In order to increase the e y of a particle of mass 
to I,, at the rate of in the nonrelativistic region fro 

accumulation of energy 

the time required i s  

ko 1 O7 ev, and 
and U 23x10 6 em/sec 
particles cannot exist in a volume of dimensions E fo r  such a 
long period (apparently, it is possibie only in the presence of a 
strictly regular, el ed magnetic field or in the case of very 
low mean f r ee  path for scattering) ~ 

It should be taken into consideration that the txme of 
acceleration is  limited by the possibility of nucLear iiSxraction 
(time Tn) as well as by the exit of particles from the-above- 
mentioned volume owing to drifting at field irregukarities and 

in order to quantitatively explain &e observed abundance & Li, 
alaetjc cosmic rays,  it is necessary to assume tkba 

they, on a,. Average, must cover a few g/cm2 matter*. There- 
fore, if n - 10-2 cm-3 it is necessary that Td >, lo8 years. 
But since Td -L2/UA8 the transport range for scatterin 
particles &41014 em. At u 2 - 3 ~ 1 0 ~  cm/sec and cko+ 10 

, owing to diffusion during scattering at irregularities (time - 

5 Of eva - _  - 

Here we base apun a- -&rally a 
secondary orein, i . e . ,  they we 
rauclei duriPtg their motion in the intersteltar medium. 

give information on the a 
assuming that He3 mcl 
ments were taken by m 
obtained by Biswas e t  al. 
charged nuclei cross ab 
300 Mev/nucleon . These results do not contradict the estimates obtained 
from LV/M ratio (M-nuclei: 6&Z@). 

* 

Measurements on He3/ 4) ratio in the interplamt 
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according to e uation (24.21, relativistic energies can be 
ained during t +v 104 year . 
ether such low values of are possible. There a r e  strong 

Thus, the problem is as to 

arguments in favour of the fact that A in. reality is significantly 
sually assumed that 

Moreover, high-energy partidies (for example, & a 
ev) cannot be retained in t volume of dimensions L and - 

s t  be 0% ~ a l a ~ ~ i c  o in. If the existence of diff&ent. e&urces 
art icles of diff Is assumed, it become8 

In this case, the particles of solar origin do not play a 
role due to the following easons (each of which I s  the 

due to rapid leakage of particles from chromo- deciding cause 
spheric flares 
s ~ g n i ~ c ~ n t  difference in energy spectra of solar and galactic 

eyond the limits of the solar system; owing to  

ic particles and finally, due to sharp differences in the 
ar composition of galactic cosmic r a y s  and fa 
chromospheric flares a 

Moreover, as  shown by experimental data (see Section 

e 'As far a s  the spectra are-concerned, it should 
that, according to S. I. Syrovatskif [HI. 31.. 

generation spectra, similar in shape, can be expected of 
different sources. But, since the intensity wil l  be different?; 
and since every source gives beams of particles In different 
energy ranges, there must be points of inflection and breaks 
i n  the total spectrum obtained on summing up the spectra of 
points of inflection and breaks in the total spectrum obtained on 
summing upthe spectra of solar and galactic cosmic rays). 

l l ) ,  i t , i s  meaningful-to talk of the role of solar particles only 

Had the solar system existed in the Supernovo shell, 
Wlere would had been a possibility of local origin of the main 
pa r t  of cosmic rays (of course, it would have been difficult 
to explain the presence of Li, Be and B in cosmic r a y s  but this 
dificulty could have been overcome), In this case, it could 
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have been expected that the intensity of cosmic r a y s  in the 
Earth's surroundings is more than that in the Galaxy. 
position will be only temporary and after generation and 
scattering, the shell of the intensity of cosmic rays will be 
equalized.' TRUS, taking into account the results of the analysis 
of some meteoritic data (see [I. 21, ection 58.11, it can be 
confirmed that a t  presento the solar system hardly exists in 
the Supernovo shell. In any case, the present intensity of 
cosmic rays in the surroundings of the solar system is not 
more than 1.5 times the average intensity in the  Galaxy. 

But this 

Thus, the above- mentioned facts go against the 
assumption of local origin (in usual stellar atmospheres o r  in 
the Supernovo shell) of the main part of galactic cosmic r a y s ,  
observed on the Earth. It should once again be underlined that 
it does not eliminate the possibility of solar origin of the least- 
energetic part of cosmic rays (with energy less than a few 
hundred MeV) during comparatively high solar activity in t h e  
presence of frequent chromospheric flares (see Section 11). 

25. SOLAR COSMIC RAYS AND RADIATION DANGER 

Protons from solar flares represent maximum radiation 
danger to astronauts during flights i n  the interplanetary space 
(see, for example, the review of I. M.Savenko e t  al. [155] o r  
collection of articles [I 563.). 

Attempts were made in  a number of works to estimate the 
value of radiation dose from many solar f lares.  Even a t  the 
existing level of knowledge on solar cosmic rays, and on the 
basis of these estimates, iJ i,_S possible to- recommend the opti- 
mum characteristics of the shield required f o r  protecting the 
astronamts. 

The nature and depth of irradiatioo of any material by fast 
particles significantly depends on their energy spectrum. Since, 
for most of the flares,cthe spectrum of solar cosmic rays is very 
soft, only unprotected or  weakly-protected parts of the 
astroaaut's body (skin, crystalline lens of the eye, etc) will be 
subjected to radiation in open space. 
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asis of this,  Waddington fl57] sugg 
B a r e s  of solar protons into two types --,A-anii 
upon the  type of spec t rum.  Flares of type A are c 

integral  spec t rum of the  type  -ai4 in  .the ra 
v and cannot.be detected from the i nc rease  i n  the i 

the  E a r t h D s  'surface. 
men t s  o n  balloons, rockets  and satellites. Frequeac 
type of flares is sufficiently ,high for examples 
w e r e  observed  dur ing  J d y  1957-November 196 
10, 1959, November 12, 1960 a n d o t i e r s  c a n b  
g o r y  of flares of type A. 

They are usually recorded d 

B are cha rac t e r i zed  by the in 
-e and are reco rded  on  the  E 
in genera l ,  are v e r y  rare. 

of type B o c c u r r e d  o n F e b r u a r y  23, 195 

inckler  e t  al. [L 
boundary of t he  a tmosph  
during quiet  days and dur ing  some flares of c 
(Table 25.1). It should be mentioned that rad ia t io  
tioned in this  Table  and obtained by exptrapolat i  
sphe r i c  data,  are  appareni ly  v e r y  high because  it 
that the f o r m  of the  spec t rum does  Qot change o 
low energ ies  (actuallys the i 
d e c r e a s e s  significantly on t ranSi t ing to '  

and  i n  the interplane 

ata on ,absorp t ion  of radio waves in  the  
caps  w e r e  compared by Bail 
m e n t s  on  balloons, rocke ts  
time variat ions of the spec t rum of s o l a r  protons. 

T h e  in tegra l  intensity of par t ic les  having 
is of utmost i n t e re s t  s ince  pa r t i c l e s  of l e s s e r  e 
effectively absorbed  by the shield of the  spacesh  
that radiat ion f lux  becomes max imum 8-16 hours after k 
commencement  of flare and  significantly d e c r e a  
hours (Fig. 25 Obviously, the maximum int 
protoris with 2 100 MeV, from most of the 

to khe radiatiotl intensity i n  the  Ea r th ' s  internal  
According to Waddington [159], the  maximum f l u x  of ~ ~ Q ~ Q E I S  

m o r e  than 2x1 5x102 ~ m - ~ .  sec' l .  s t e r e d - 1  w e 
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. giving rise to 
the order of 108 

shield of about 400 g/crn2 carbon is necessa ry  (in the  c a s e  of 
proloaged flights in the i * t e r ~ l a n e ~ ~ ~ y  space,  fuel  r e s e r v e  is 
suggested to be  used as the  shield).  
flares is so sma l l  (1 flare after many y e a r s )  - that  _ _  s h o r t  f l ights 
(for example ,  to Moon and bacM are practically safe a 
thickness  of about 5-10 
in the  c a s e  of fl ights to 
powerful f l a r e s  i nc reases  significantly. 

he f requency  of such  

m2 (from o r d ~ ~ a ~ y  f l a r e  
s o r  Venus, danger fro 

ppleman [I581 conducted a s i m i l a r  investigation on  the  
problem of the possibil i ty of manned fl ights in c ~ s r n i c  space  in 
the p re sence  of different  types of radiat ion (galactic cosmic  
r a y s ,  radiat ion f rom the quiet  Sun, radiat ion from chromospher ic  
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thgs ~ a ~ ~ a t ~ o ~  belt). It i s  s 
re not harmful for man. 

f solar act ivi ty ,  

of lead or iron is suggeerted P 

Be of power sgectr 
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- SOLAR FLARES AND GENERATION OF C g M I C  R A Y S  

contribution of secondary neutrons and mesons has not been taken 
into account. 

On the basis of the method, suggested by the same authors, 
V. E.Ddkin et al. [161 J calculated the proteetioh from solar 
protons for  November 12, 1960 and February 23, 1956 flares 
belonging to types A and B respectively: F o r  the November 12, 
1960 flare, spectra for three periods of time were used (time in 
hours after the commencement of the-flare): 1-10,  10-14 and 
14-32 (see the review of Foelsche [163]). The total radiation dose 
during the f lare  was determined by summing up the doses corres-  
podding to these periods of time. The energy spectra, measured 
at the beginning of the f lare  and after 19 hours, were used for the 
February 23, 1956 flare. 

U: w a s  assumed i n  the calculations. that cabin of the space- 
The angular distri-  ship ia spherical and is made of aluminum. 

hution of protons . f rom ___ - solar flares' was take-n to be isotropic, 
A compa&ison of calculation results for the G o  above-mentioned 
f lares  shows that the average and local doses differ eignificatly: 
local dsse is more by 18 times tor the-November 12, 1960 flare 
and by 7 times for February 23, 1956 flare at protectiQQ thickness 
of 1 g/cm2 and by 2.3 and 1 .2  times respectively at  at-t)uickness 
of 20 g/cm2. 

The dependence of absorbed tissue dose on depth was 
- - 

also calculated for  these two flares at various thicknesses of the 
protection. It was shown that, if the thicknesk is more than 
8 g/cm2, drop from the maximum absorbed dose'to the average. 
tissue dose does not exceed 6. As shown by authors [162], this 
fact makes it possible to use the average tissue dose as the 
criterion of radiation safety in calculations of protection. 

The absorbed depth doses were calculated i n  rad as  well as 
in rem while i n  the latter caseo use was made of the dependence 
of relative biological effectiveness (RBE) on linear energy losses, 
obtained by Langham 11641 and Snyder and Neufeld [165] as 
applicable to the conditions of chronical action. 
average tissue doses in rems and rads gives the value of RBE 
for the whole body. Although, due to absence of data, the maxi- 
mum values of R B E  for chronical action w e r e  used,in the cal- 
fullations of depth doses, RBE for the whole body was found to be 
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very low, differihg f r o m  unity (at a protection thickness of 
more than a Gw grams per centimeter square). 
sidered that, in the case of sharp-ray actions’which include 
radiation of protons from solar flaresr the values of RBE are 
always much less than those i n  the case of chronical actions, 
then it follows that it is possible to express average tissue 
doses in terms of rad i n  the calculations of a protection from 
solar -flare protons . 

If it is con- 

. .  

The values of average tissue doses were obtained without 
taking into account the contribution of secondary’ particles, 
formed in the protection. Approximate extreme estimates of 
the contribution mentioned by Beck and Dayid [166], show that 
role of secondary charged particles, formed by solar-flare 
protons i n  the protection, can be aeglected. 
a ry  neutrons was  found to be more significant for flares of type 
A. If the thickness of aluminum shield is of the order  of 10 
g/cm2, the dose from secondary neutrons is found to be com- 
parable to the dose from primary protons. 

The role of second- 

- 
The calculated values of the average tissue dosesf rom 

solar protons once again show that solar f lares give ri&’to 
serious radiation danger owing tQ which it is necessary to 
foresee a special protection on spaceships. 
it should be mentioned that previous estimates of radiation 
danger, associated wi‘th solar flares (see the works of Robey 
[lbO], Foelsche [163], Beck and David [166], Dye and Noyes 
[167])# were found to be very high since they were based on 
calculation of local absorbed doses. Moreover, it is necessary 
to point out that the finite probability of exposure of an  astronaut 
to protons from many solar f lares was not taken into account in 
calculations [160, 163, 16C, 1671. V. E. Dudkin et al. [161] 
ewaluated this effect by making use of the following factors. 

At the same time, 

For  comparatively small intervals of time, the appearance 
of solar flares can be considered as statistically independent 
events. 
of a spaceship is a n  arbitrary event whose probability depends 
o n  the frequency of this type of flares as well as on the duration 
of the flight. 

Appearance of a specific type of flare during the flight 

500 



e calculated 

5,2 that in  the case of space 
ssary  to take into 

beam, from  an^^^ 
if a flight lasts for 

the two and 2% ~ e ~ p e c t i v e l y .  Obviously, 
x-otons for such flight 

o l a ~  flares of type 
this caseg 50 r e m  is taken 
ing the flights, the required 

s of a ~ ~ ~ ~ n u ~  protection is about 10 g/gmz in place of 
from protons 0% one flare. 

The ~ ~ Q b ~ b i l i t y  of exposure of astronaut to protons of not 
only two but of three or 
space flights lasting for a few ~ o ~ t ~ s ~  
p r ~ b a b i ~ i t y  of the occurrence of solar lares of type B also be- 
comes significant, lt s h ~ u l d ,  howevere be mentioned that if 
probability of many flares of type A is taken into account inr 
calculations of the prot tion, Le. if thickness is take 
t h a n  10-15 g/crn2, rad 
type I3 is reduced to a great extent. 

flat. t3 is significant in the case of 
A% the same times 

ion dose due to protons from a 

_ -  - 

pplication of some criterion of riska can be another 
possible method of 
many solar flares. 
to dose of more tha 

timating radiation danger f rom protons of 
e 574 probability of exposure of astronaut 
rem by limiting the probability of radiation 

8 0.5, was taken as such criterion by 
On the basis of the calculated average 

tissue doses and data of Table 25.2, it was found that a protect6n 
thickness of about 10 g/cm2 is required for flights lasting, for  
example, up to 20 days. 
flights lasting, for exampler for 100 days. 

Thickness of 20 g/cm2 is necessary for 
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S O U R  FLARES AND GENERATION OF COSMIC RAYS . 

T h e s e  data refer to the per iod  of maximum solar activity.  
Ia t h e  ea86 of minimum solar act ia i ty ,  t hese  data should be taken  
as upper limits. 

ee in  p ~ y s i c a l  c ~ a r a c t e r i s ~ i c ~  a n d  quantitative compo- 
s i t ion  of the  beam of par t ic les  during the i r  p a s s a g e  through the 
p r ~ t ~ c ~ i o ~ ~  form the  base  of biological ac t ion  of corpuscular  
radiat ion which includes protons _- of s o l a r  flares and  the  Earth". 
radiat ion bel This, in i ts  turn, assumes &e significscnt 
difference Pra. reaction of radiationpn -- -- dif&z,cnt - organs  of a 
p e r s o n  s i n c e  bas i c  p a r t  of the protons,  which had o v e r c o m e  the 
protectiona, will have  m e a n  free path less than  the effective 

nsion of human body. 
made  a n  a t tempt  under labora tory  conditions to  estimate the 

Mice, a r r a n g e d  in  rows  

To this  end, V, S, Morozov et al. 

change in  biological effectiveness dur ing  passage  of heavy nuclei  
r ight  up to the moment  of the i r  stopping. 

r to the axis of monochromatic  beam of protons with 
vI w e r e  taken as the  model  of biological 
m. They w e r e  exposed to 50 rad/rnin dose  f o r  32 

m i nut e s by pro  to n - s y nc hr  o tr o n a t  
ave rage  life of dead c r e a t u r e s  at different  moment s  after . 
exposure  w e r e  determined.  
(at 30th day)  and surv iva l  rate of mice o n  5th day after rad ia t ion  
are  given. 
the  physical protect ion under ce r t a in  conditions can  become a 
factoiraggravat ing the eff2ct of c o s m i c  radiat ion,  

ubna, Survival  rate and  

Graphs  of the dependence of life 

A s  a r e s u l t  of this  experiment ,  it  was establ ished tha t  

Orbi ta l  f l ights and biological exper iments  m a k e  it poss ib le  
1 conditions at a l t i tudes of 180-320 
a s s u m e  that  during two-week fl ight _ _  
from primary cosmic s a y s ,  due to 

P ro tons  

e rad io  -biologi 
ipov et al. [.tb 

t o  the Moon, the integral  do 
na tu ra l  and artificial radiat ion belts of the Earth, g o e s  up to  10 
rem in the c a s e  of a protect ion of thickness  1 -2  g/cm2. 
of a s o l a r  flare can  be a s o u r c e  of overexposure  of as t ronaut .  
T h e  probabili ty o f f  l ing  into a radiationally dangerous flare 
during flight to the  
to 16% for  so l a r  flare of the  type August 2 2 ,  1958, 5*8% for  
f lare of the type July 10, 1959 and  0. 3% for  flare of the type 
F e b r u a r y  23, '1956. A protect ion of thickness  3 g/cm2 reduces  
integral  dose  during f l a r e  of the type August 22, 1958 to  the  
pe rmis s ib l e  leve l  of 25 rem but physical  protect ion f r o m  f l a r e s  

50 3 

o n  and back, las t ing  f o r  1 week, is equal 



f la re  and by lrai 

on the f l u x  and spec- 
urn solar activity at 
a value of 11.8+1.0 
neutKon r ad iation 
ue. The equ'lvaient 
ological tissue of 
pic beam of neutrons 
ear on the tissue 

surface to - 3,5 mrem/year a t  a depth of 10 cm. 
surface dose of neutronso received by personnel of supersonic 
planes flying at a n  altitude of about 20 km over the region of 
polar latitudesr fluctuates within the range 0.20 -0.40 mrem/ 
depending upon the period of maximum or  minimum solar cycle. 
The calculation results of doses a r e  i n  agreement with the 
corresponding experimental values of doses, measured with the 
help of special neutron dosimeters. 

the observatio 

The average 

The problem of exposure of astronautas organism i r a  
diving suit outside the spaceship ia discussed in the wor'k of 
Schaefer [171]. 
and heavy particles of solar corpuscular spectrum also become 
a source of radiation i n  addition to protons. 
analysis of composition and intensity of the flare of corpuscular 
radiation of November 12, 1960, it is concluded that the main . 
action of corpuscular raCiation is caused by a-particles up to 
a penetration depth of 0.5 cm i n  the organism tissue. 

At low shielding (0.1-0.2 g/cm2), a-particles 

Basing upon the 

The work of Levy and Janes [172] is of great interest in 
which principally new types of s,hields --magnetic and plasma 
shields-- a r e  studied. 

-During nights along orbits near  the Earth (excluding polar 

In the case of deeper penetration 
orbits), astronauts a r e  protected from protons of solar f lares  
by the Earth's magnetic field. 
in.cosmic space, a special protection of the crew of spaceship 
from solar protons is necessary. Layers of protective material, 
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magnetic o r  elect.ostatic field around the ship of plasma protec- 
tion can be used as such a shield. The thickness of material 
shield from protons with &k  = 30, 100 and 200 Mev corresponds 
tc 1, 10 and 30 g/cm2 respectively. A detailed analysis  of the 
weight of shield by magnetic field, generated by the electromag- 
net of superconducting material, shows that it is not less  than the 
weight of material shdeld. 
static field is practically impossible due to"1arge consumption of 
energy required for  deflecting electrons, accelerated by this 
field, f r o m  the ship. The principles of electrostatic protectbn 
from protons i tEe combined i n  the plasma radiation protection 
with the magnetic field, created around the ship, in  the form of 
a shield for electrons. The intensity of magnetic field, required 
in this case and the corresponding weight of the magnetic system 
a r e  much less  than those i n  the case of only ma_gnetic*shidd 
f rom protons of solar flares.' In the case of a toroidal ship, 
penetration of electrons through "holes" in the magnetic field, 
similar to the poles on the Earth, can be neglected completely. 
Crossed magnetic and electric fields a r e  formed around the ship. 
The trajectories of electrons, trapped by them, have the formof 
spiral6 around the magnetic lines of force. The ship, having 
positive charge, i n  this case, will be surrounded by a cloud of 
electrons of equal charge. Basic parameters of plasma shield 
a r e  estimated by assuming that electrical potential on a ship of 
maximum diameter 10 m has a value'of 200,000 kv. From the 
condition of stability of magnetic field, minimum value of 
magnetic induction a u s t  be of the order of 2660 gauss. If 
current density i n  electromagnet of a superconducting material 
is  100,000 amp/cmZ, its weight *ill be 550 kgf and-the current 
will be equal to 2x10 6 amp. 
cryogenic system (180 kgf) , the total weight of the electromag- 
netic unit becomes 730 kg and power of the unit will be 36 kw. 

Admas and M a r  [178], Shelton [179] and Keller '[180] a r e  also 
devoted to the problems of radiation safety. 
basic aspects of the physics of interaction of charged particles 
with matter a r e  discussed, methods of calculating a shield a r e  
described, doses a r e  estimated, etc. 
of the Earth's radiation belts, solar protons and galactic cosmic 
rays is usually considered. Limiting to the analysis of works 
on radiation danger only from solar cosmic rays,  we have not 

Protection from protons by electro- 

On considering the weight of 

Works of Haffner [173], Vette [174], Dole [175], reviews of 

In these works, 

Here, the total effect 

* 
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described the results, obtained in [173-180]. 
considered the results of numerous estimates of radiation doses, 
obtained during flights of Soviet and American astronauts. 

W e  have also not 

In the end, it should be mentioned that tMe current inform* 
tion on solar flares (frequency, spectrum of protons, angular 
distributions, etc. ) is  insufficient to correctly explain radiation 
danger and the shield thicknesses required for the living 
compartments of spaceships. More-investigations in this direc- 
t ion  as well as elaboration of reliable methods of long-term 
forecasting, radiation warning and dosimetry are necessary. 
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CONCLUDING REMARKS 

It can be concluded f r o m  previous Chapters  that ,  by th i s  
time, ce r t a in  s u c c e s s e s  have been achieved in  the  study of solar 
cosmic rays: c h a r g e  composition, e n e r g y  s p e c t r u m  and na tu re  of 
dist r ibut ion of solar particles in the in te rp lane tary  space have 
been explained in  genera l  terms; a re la t ion  between emiss ion  of 
fast par t ic les  and  radio and  X - r a y  rad ia t ions  of t he  Sun has  been  
establ ished;  significant r o l e  of s o l a r  cosmic r a y s  in some 
geophysical phenomena (especially,  i n  the  absorp t ion  of s h o r t  
r ad io  wqves in  p idar  caps )  has  been shown; possible  mechan i sms  
of acce le ra t ion  of par t ic les  on t h  Sun have been  studied. 

- 

However, de ta i l s  of the p r o c e s s e s  studied above  r e m a i n  
unexplained in  many r e spec t s .  It is explained by dynamic  na ture  
of .the object  o r  investigation, insufficient a c c u r a c y  of m e a s u r i n g  
equipment, methodical  difficult ies,  a n d  by s t rong  variabil i ty,  
wl'th time and in space ,  of e lec t romagnet ic  conditions on the'Sun, 
in. the in te rp lane tary  med ium and in the Earth's surroundings.  , 

Special  difficult ies arise o n  studying p r o c e s s e s  a s soc ia t ed  
with generat ion of fast par t ic les  and with the i r  exit f r o m  the 
acce le ra t ion  region.  Owing to detect ion of protons with energ ies  
Ek rv 1 MeV, which exist in  the  in te rp lane tary  s p a c e  dur ing  many  
revolut ions of the Sun, there arises the p r o b l e m  t o  f ind satis- 
f ac to ry  mechanisms of their continuous genera t ion  o r  prolonged 
emission.  &k > 1 Mev,dura t ion  
and time var ia t ion  of emis s ion  are v e r y  significant for the i r  
spa t ia l - t ime dis t r ibut ion in  the  s o l a r  sys tem.  
prolonged emiss ion  of s o l a r  par t ic les  of ex t r eme ly  high energy  
has been  s tudied insufficiently. 
cha rac t e r i s t i c s  of a pencil of emit ted par t ic les  has  not been  
s tudied at all. 
of fl ight angle  on  the  par t ic le  ene rgy  is of g r e a t  in te res t .  T h e  
possible  e ject ion of corpuscular  beam owing to  the p r e s s u r e  of 

In the  case of protons with 

The problem of 

The  problem of angular  

In par t icu lar ,  the study of t he  poss ib le  dependence 
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solar cosmic rays with their subsequent adiabatic cooling remains 
unexplained to a large extent. 

The problem of formation of charge and energy spectra of 
solar cosmic rays, i n  particular, the problem of acceleration 

%f nuclei which a r e  not completely ionized requires further 
investigation. 

In  many cases, diffusion consideratian of the motion of 
fas t  solar particles in  the interplanetary magnetic fields is fully 
suitable for studying the general characteristics of the source of 
particles, theic spectrum and properties of magnetic irregulari-  
ties. A more s t r ic t  approach gives kinetic consideration which, 
in  particular, facilitates the study of the initial anisotropic stage 
of flares of solar cosmic rays and determination of properties of 
irregular magnetic fields (mainly in  the Earth's orbi4) from the 
angular characteristics of the beams of solar cosmic rays.  
However, application of the kinetic model to the analysis of 
energy spectrum of solar particles is still associated with great 
methodical and mathematical difficulties - 

The problem of the exit of solar particles from the limits 
of the solar'system is of great interest. This problem is 
associated with the possible existence of a semi-transparent 
magnetic barr ier  in the interplanetary space at a distance of 
2 - 5  a. u. from the Sun. 'It is also not eliminated that scattering 
properties of the interplanetary fields weaken quickly 0; increas 
ing the distance f r o m  the Sun which is proved by the dependence 
of diffusion coefficient on distance, observed in a number of 
works. It is worthwhile to study the problem of exit of trapped 
particles from the semi-transparent t rap of solar corpuscular 
beam. 

Great possibilities of experimental stuay of solar cosmic 
rays are ,  a t  present, opened owing to significant increase in the 
accuracy 'of ground equipment and development of techniques for 
direct measurements i n  the in t  erplanetary space. 
of solar particles in  a wide range of energies during prolonged 
flights of cosmic probes along with the complex of ground 
measurements on cosmic rays and geophysical data facilitate 
the study of "fine structure" of the interplanetary magnetic 
field. A stationary, continuously-functioning automatic station 

Recording 
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on the Moon's surface can provide very valuable information 
on solar cosmic rays .  

The problem of forecasting of solar flares in gene rd  and 
flares accompanied by strong f lux  of fast particles, in particular, 
has not yet been solved. It follows f r o m  this that reliable esti- 
mates of the thickness of protective shields are necessaryfor  
providing radiation safety to astronauts during prolonged flights 
to other planets of the solar system. Rough calculations, so  
far made on the basis of existing data, give extremely large 
thicknesses which make' spaceships extremely heavy. 
end, there a r i ses  the problem of elaborating protection methods 
which could utilize parts of the ship (mobile shields, special 
radiation covers, fuel tanks, change in orientation of the ship, 
etc.) as the shield. Obviously, for this purpose, there is a 
necessity of new computations of harmful doses and shield 
thickness, based upon consideration of the peculiarities of 
propagation of solar cosmic r a y s  
tions and energy spectrum. With the help of such data, special 
dosimetric apparatus responding to the rate of change of radia- 
tion intensity as well as programed units containing necessary 
information on permissible doses can help the crew of a space- 
ship in  every concrete case to select the optimum variant of the 
shield. 

To this 

change of their time varia- 
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